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Abstract

Background The Skeletal Oncology Research Group
machine-learning algorithms (SORG-MLASs) estimate 90-
day and 1-year survival in patients with long-bone metastases
undergoing surgical treatment and have demonstrated good
discriminatory ability on internal validation. However, the
performance of a prediction model could potentially vary by
race or region, and the SORG-MLA must be externally

validated in an Asian cohort. Furthermore, the authors of the
original developmental study did not consider the Eastern
Cooperative Oncology Group (ECOG) performance status, a
survival prognosticator repeatedly validated in other studies,
in their algorithms because of missing data.

Questions/purposes (1) Is the SORG-MLA generalizable
to Taiwanese patients for predicting 90-day and 1-year

Each author certifies that there are no funding or commercial associations (consultancies, stock ownership, equity interest, patent/licensing
arrangements, etc.) that might pose a conflict of interest in connection with the submitted article related to the author or any immediate
family members.

All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research® editors and board members are on file with
the publication and can be viewed on request.

Ethical approval for this study was obtained from the National Taiwan University Hospital, Taipei City, Taiwan (number 201912022RIND).
This work was performed at National Taiwan University Hospital, Taipei City, Taiwan.

The first three authors contributed equally to this manuscript.

1Department of Medical Education, National Taiwan University Hospital, Taipei City, Taiwan

Department of Orthopedic Surgery, National Taiwan University Hospital, Taipei City, Taiwan

3National Taiwan University, Taipei City, Taiwan

“Department of Orthopaedic Surgery, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA
>Department of Orthopedic Surgery, University Medical Center Utrecht, Utrecht University, Utrecht, the Netherlands

W-H. Lin =, Department of Orthopedic Surgery, National Taiwan University Hospital, No. 7, Zhongshan S. Road, Zhongzheng District, Taipei
City 100, Taiwan Email: oweihsin@gmail.com

{=), Wolters Kluwer


mailto:oweihsin@gmail.com

368 Tseng et al.

Clinical Orthopaedics and Related Research®

mortality? (2) Is the ECOG score an independent factor
associated with 90-day and 1-year mortality while con-
trolling for SORG-MLA predictions?

Methods All 356 patients who underwent surgery for
long-bone metastases between 2014 and 2019 at one ter-
tiary care center in Taiwan were included. Ninety-eight
percent (349 of 356) of patients were of Han Chinese de-
scent. The median (range) patient age was 61 years (25 to
95), 52% (184 of 356) were women, and the median BMI
was 23 kg/m?* (13 to 39 kg/m?). The most common primary
tumors were lung cancer (33% [116 of 356]) and breast
cancer (16% [58 of 356]). Fifty-five percent (195 0of 356) of
patients presented with a complete pathologic fracture.
Intramedullary nailing was the most commonly performed
type of surgery (59% [210 of 356]), followed by plate
screw fixation (23% [81 of 356]) and endoprosthetic re-
construction (18% [65 of 356]). Six patients were lost to
follow-up within 90 days; 30 were lost to follow-up within
1 year. Eighty-five percent (301 of 356) of patients were
followed until death or for at least 2 years. Survival was
82% (287 of 350) at 90 days and 49% (159 of 326) at 1
year. The model’s performance metrics included discrim-
ination (concordance index [c-index]), calibration (in-
tercept and slope), and Brier score. In general, a c-index of
0.5 indicates random guess and a c-index of 0.8 denotes
excellent discrimination. Calibration refers to the agree-
ment between the predicted outcomes and the actual out-
comes, with a perfect calibration having an intercept of
0 and a slope of 1. The Brier score of a prediction model
must be compared with and ideally should be smaller than
the score of the null model. A decision curve analysis was
then performed for the 90-day and 1-year prediction
models to evaluate their net benefit across a range of dif-
ferent threshold probabilities. A multivariate logistic re-
gression analysis was used to evaluate whether the ECOG
score was an independent prognosticator while controlling
for the SORG-MLA’s predictions. We did not perform
retraining/recalibration because we were not trying to up-
date the SORG-MLA algorithm in this study.

Results The SORG-MLA had good discriminatory ability at
both timepoints, with a c-index of 0.80 (95% confidence in-
terval 0.74 to 0.86) for 90-day survival prediction and a
c-index of 0.84 (95% CI 0.80 to 0.89) for 1-year survival
prediction. However, the calibration analysis showed that the
SORG-MLAs tended to underestimate Taiwanese patients’
survival (90-day survival prediction: calibration intercept 0.78
[95% CI10.46 to 1.10], calibration slope 0.74 [95% CI1 0.53 to
0.96]; 1-year survival prediction: calibration intercept 0.75
[95% C10.49 to 1.00], calibration slope 1.22 [95% CI1 0.95 to
1.49]). The Brier score of the 90-day and 1-year SORG-MLA
prediction models was lower than their respective null model
(0.12 versus 0.16 for 90-day prediction; 0.16 versus 0.25 for
1-year prediction), indicating good overall performance of
SORG-MLAs at these two timepoints. Decision curve
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analysis showed SORG-MLAs provided net benefits when
threshold probabilities ranged from 0.40 to 0.95 for 90-day
survival prediction and from 0.15 to 1.0 for 1-year prediction.
The ECOG score was an independent factor associated with
90-day mortality (odds ratio 1.94 [95% CI 1.01 to 3.73]) but
not 1-year mortality (OR 1.07 [95% CI 0.53 to 2.17]) after
controlling for SORG-MLA predictions for 90-day and 1-
year survival, respectively.

Conclusion SORG-MLAs retained good discriminatory
ability in Taiwanese patients with long-bone metastases,
although their actual survival time was slightly under-
estimated. More international validation and incremental
value studies that address factors such as the ECOG score
are warranted to refine the algorithms, which can be freely
accessed  online  at  https:/sorg-apps.shinyapps.
io/extremitymetssurvival/.

Level of Evidence Level 111, therapeutic study.

Introduction

The incidence of long-bone metastases has been rising
because of increased survival rates among patients with
cancer [25, 47]. Without proper treatment, a long-bone
metastasis may cause skeleton-related events such as pain,
disability, and pathologic fracture. These adverse events
often lead to worse quality of life and are associated with
higher mortality rates [10, 35]. Commonly used non-
operative treatments for bone metastases include systemic
chemotherapeutics, various types of radiation therapy, and
bone-targeting agents such as bisphosphonates or deno-
sumab. However, these treatment modalities rarely cure
metastatic bone disease because of the aggressive nature of
advanced-stage cancer [40, 46, 47, 51, 55], and surgical
procedures may be indicated to address an impending or
actual fracture of the involved bone. It is challenging for
clinicians to decide whether to offer surgical interventions
for patients whose lifespans may be limited. Aside from the
location of the metastasis, the extent of tumor involvement,
response to adjuvant therapies, and severity of symptoms,
the surgeon must also weigh the benefits, risks, and po-
tential complications associated with surgery against the
patient’s expected survival [2, 13]. Generally, patients
with a short life expectancy may be treated nonoperatively
if other means exist to properly control the local symptoms
and maintain quality of life, or they may be treated surgi-
cally with less invasive palliative techniques if they are not
expected to have enough time to recover from a more ex-
tensive surgical procedure. Patients with longer expected
survival are often given the choice of surgical procedures if
other adjuvant therapies are deemed unlikely to relieve
symptoms or prevent fracture. Patients with longer
expected survival may also benefit from tumor
resection and more durable limb reconstruction, which
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achieves better local tumor control and sustained functional
improvement. Two clinically practical time thresholds,
namely 90-day (intermediate-term) and 1-year (long-term)
survival, have been proposed for treatment decisions in
patients with long-bone metastases [2, 13, 41]. Although
patients who have not sustained a pathologic fracture and
are expected to live less than 90 days are less likely to
benefit from surgery, patients with an estimated survival of
more than 1 year are candidates for more extensive surgery
and durable reconstruction, such as prosthetic replacement
[4, 17,36, 38,42, 50]. An accurate survival estimation can
thus help clinicians and patients in the shared decision-
making process.

Several preoperative scoring systems have been de-
veloped to estimate patients’ postoperative survival [2, 3,
13, 19, 25, 30, 34, 41, 52]. However, some of the scoring
systems, such as the revised Katagiri score, did not achieve
acceptable discriminatory ability in external validation [25,
28, 30]. Recently, Thio et al. [47] capitalized on the novel
machine-learning concept and developed the Skeletal
Oncology Research Group machine learning algorithm
(SORG-MLA) to evaluate the intermediate-term and long-
term survival probability of patients with extremity me-
tastases. Although it has shown good discriminatory ability
in the internal validation cohort of the developmental
study, the SORG-MLA has not been externally validated
[16]. Several studies suggested that racial distinctions
among regions could influence the discriminatory ability of
preoperative scoring systems because of differences in
racial compositions, dominant cancer types, healthcare
systems, and socioeconomic environments [5, 22, 23, 39,
54]. Han Chinese people account for 18% of the global
population [56] but constitute less than 5% of the US
population. In addition, several studies found that Chinese
patients with certain types of malignancies had a better
prognosis than their Western counterparts [6-9, 32, 40, 53].
In a world where international travel, education, and mi-
gration have become the norm, physicians in many coun-
tries could see an increasing racially diverse patient
population in their practices. Therefore, it is important to
understand whether a clinical tool such as SORG-MLAs
can be generalized to different racial groups or used in
regions outside of the United States.

The authors of the original SORG-MLA development
study reported a lack of functional status data as one of their
research limitations, and they suggested future studies
should include these factors to improve algorithm perfor-
mance. The Eastern Cooperative Oncology Group (ECOG)
performance scale is widely used by oncologists in clinical
practice due to its simplicity, but it was not considered in
the original development study due to missing data. It has
also been shown to be associated with survival in cancer
patients [13, 20, 41, 52], and a number of preoperative
scoring systems consider it as a prognosticator [13, 25]. It

would be of interest to know whether the ECOG should be
investigated as a potential factor to be added into SORG-
MLA to enhance the model’s performance.

Therefore, in this study, we asked: (1) Is the SORG-
MLA generalizable to a Taiwanese cohort for predicting
90-day and 1-year survival? (2) Is the ECOG score an
independent factor associated with 90-day and 1-year
survival while controlling for SORG-MLA predictions?

Patients and Methods
Study Design and Setting

The selection criteria used in the development study [47] were
applied, resulting in 356 patients who underwent surgical
treatment for long-bone metastases between 2014 and 2019 at
the National Taiwan University Hospital (Fig. 1). In general,
the indications for surgery were patients with an American
Society of Anesthesiologists classification of IV or below or
patients considered fit for surgery based on a multidisciplinary
assessment by a medical oncologist, anesthesiologist, and
orthopaedic surgeon (C-CL, C-HH, S-YL, R-SY, W-HL) and
the occurrence of a complete pathologic fracture or an
impending pathologic fracture deemed unlikely to resolve
with nonoperative treatment alone. Surgery was often offered
for actual pathologic femur fractures unless clear medical
contraindications existed, such as ongoing shock, comatose
state, acute respiratory failure, decompensated hepatic failure,
and severe heart dysfunction, because femoral fractures tend
to profoundly impact the patient’s quality of life. An
impending fracture was diagnosed if the lesion in question
had a Mirels score of 9 or more and caused pain or weakness
in the involved limb [29]. We excluded patients diagnosed
with primary bone sarcoma or sarcoma bone metastasis be-
cause these tumors include various histologic types and tend
to behave differently than carcinomas [31, 37, 55].

Participants’ Baseline Characteristics

More than 98% (349 of 356) of patients were of Han Chinese
descent. The median (range) age was 61 years (25 to 95), and
52% (184 of 356) of patients were women (Table 1). The
median BMI was 23 kg/m* (13 to 39 kg/m?). In this study,
27% (97 of 356) of patients had a slow-growth tumor, 33%
(118 of 356) had a moderate-growth tumor, and 40% (141 of
356) had a rapid-growth tumor according to the definition
proposed by Katagiri et al. [25] and later adopted in the
original SORG-MLA development study [47]. In summary,
hormone-dependent breast cancer, hormone-dependent
prostate cancer, malignant lymphoma, malignant myeloma,
and thyroid cancer were referred to as slow-growth tumors;
non—small cell lung cancer with molecularly targeted therapy,
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Inclusion criteria:
—Patients older than 18 years of age
—Patients with a histopathologic
diagnosis of cancer

Underwent surgical treatment for

long-bone metastases in National
Taiwan University Hospital between
2014-2019

397 patients initially retrieved

Exclusion criteria:

—No pathologic fracture or impending
fracture according to Mirels score (n = 1)
—Patients received previous surgical
treatment for long-bone metastases at other
institutions (n = 12)

Patients with a diagnosis of primary bone
sarcoma or sarcoma bone metastases
(n=28)

356 patients included

Fig. 1 The flow diagram showing the enrolled patients.

hormone-independent breast cancer, hormone-independent
prostate cancer, renal cell carcinoma, other gynecological
cancer, and other cancers were referred to as moderate-growth
tumors; and other lung cancer, colon and rectal cancer, gastric
cancer, hepatocellular carcinoma, pancreatic cancer, head and
neck cancer, other urological cancer, esophageal cancer,
malignant melanoma, gallbladder cancer, cervical cancer, and
cancer of unknown origin were referred to as rapid-growth
tumors. The most common primary tumors were lung cancer
(33% [116 of 356]) and breast cancer (16% [58 of 356]). A
pathologic fracture occurred in 55% (195 of 356) of patients,
other-bone metastases were identified in 72% (256 of 356) of
patients, visceral metastases were present in 51% (180 of 356)
of patients, and brain metastases were found in 17% (60 of
356) of patients. Twenty-one percent (73 of 356) of patients
had an ECOG score of 3 or 4. The most common surgical site
was the lower extremities in 76% (269 of 356) of patients. A
total of 79% (281 of 356) of patients had preoperative sys-
temic medical therapy (defined as having at least one type of
the following treatment: chemotherapy, targeted therapy,
hormone therapy, or immunotherapy), and 60% (214 of 356)
had local radiation. Six patients were lost to follow-up within
90 days; 30 were lost to follow-up within 1 year. Mortality at
90 days was 18% (63 of 350) and at 1 year was 51% (167
of 326).

Baseline characteristics in the validation cohort differed
from those in the original SORG-MLA development cohort
reported by Thio et al. [47] in several regards (Table 1). The
Taiwanese cohort had more patients with other Charlson
comorbidities, moderate and rapid primary tumor growth,
ECOG score of 3 or 4, preoperative systemic therapy, pre-
operative local radiation, and fewer other-bone metastases (all
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p <0.05). The 90-day and 1-year mortality rates were higher
in the developmental cohort than in the validation cohort
(29% versus 18% and 62% versus 51%, respectively).

Surgical Treatment

In general, stabilization with a nail or plate-and-screws con-
struct followed by adjuvant radiotherapy was recommended
for metastases from radiosensitive tumors such as breast,
prostate, lung cancer, and hematologic malignancies.
Metastatectomy and cement augmentation was typically
performed for radioresistant tumors such as renal cell carci-
noma and hepatocellular carcinoma. Endoprosthetic re-
placement was considered for patients with an unsalvageable
joint or extensive metaphyseal bone loss if they had a rea-
sonably long survival and for those who had oligometastatic
disease and may benefit from wide excision of metastatic
tumor. We tended to offer surgery to patients with actual
femoral pathologic fractures even if their expected survival
was shorter than 6 weeks, as nonsurgical treatment in this
setting rarely resulted in satisfactory pain control and im-
provement in quality of life. Fifty-nine percent (210 of 356) of
patients were treated with intramedullary nailing, followed by
plate-and-screws fixation in 23% (81 of 356) and endopros-
thetic reconstruction in 18% (65 of 356).

Explanatory Variables and Outcomes

The following preoperative data were extracted: age; sex;
BMI (in kg/m?); any Charlson comorbidity in addition to
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Table 1. Comparison of the external validation cohort with the developmental cohort

Variable Validation cohort (n = 356) Developmental cohort (n = 1090) p value
Age in years 61 (25-95) 63 (54-72) 0.08
Female sex 52 (184) 56 (610) 0.16
BMI in kg/m? 23 (13-39) 27 (23-30)°
Other comorbidities 60 (215) 54 (584) 0.03
Histologic groupings of the primary tumor < 0.01
Slow growth 27 (97) 42 (460)
Moderate growth 33(118) 24 (263)
Rapid growth 40 (141) 34 (367)
Primary tumor histology
Lung 33 (116) 23 (247) < 0.01
Breast 16 (58) 24 (257) 0.04
Myeloma 5(18) 15 (162) < 0.01
Renal 6 (21) 11 (117) < 0.01
Prostate 5(19) 5 (58) 0.99
Lymphoma 1(5) 4 (44) 0.02
Melanoma 1(2) 3(30) 0.02
Esophageal 2(7) 2 (24) 0.79
Colon 3(10) 2(18) 0.17
Head and neck 4 (16) 2 (18) < 0.01
Thyroid 2 (6) 2(18) 0.97
Other 1(5) 2(16) 0.94
Unknown 2 (6) 2(16) 0.77
Pancreas 2 (6) 1(7) 0.07
Sarcoma 1(1) 1(14) 0.11
Cervical 1(2) 1(1) 0.09
Other gynecologic 1) 1(13) 0.58
Other urologic 3(9) 1(12) 0.05
Hepatocellular carcinoma 10 (36) 1(16) < 0.01
Stomach 1(4) 1(2) 0.02
Gallbladder 2 (6) 0(0) < 0.01
Pathologic fracture 55 (195) 54 (594) 0.93
ECOG score
0-2 79 (283) 85 (360 of 422)° 0.03
3-4 21 (73) 15 (62 of 422)°
Tumor location 0.69
Upper extremity 24 (87) 23 (255)
Lower extremity 76 (269) 77 (835)
Other bone metastases 72 (256) 78 (845) 0.03
Visceral metastases 51 (180) 45 (487) 0.05
Brain metastases 17 (60) 16 (175) 0.72
Previous systemic therapy 79 (281) 62 (676) < 0.01
Local radiation 60 (214) 18 (194) < 0.01
Preoperative laboratory values
Hemoglobin level in g/dL 11 (6-18) 11 (10-13)¢ 0.18
White blood cell count in 10°/uL 7 (1-90) 7 (5-10)° 0.93
Platelet count in 10%/uL 234 (36-651) 251 (184-332)¢ 0.06
Absolute lymphocyte count in 10%/uL 1(01-8)f 1(1-2)f 0.48
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Table 1. continued

Variable Validation cohort (n = 356) Developmental cohort (n = 1090) p value
Absolute neutrophil count in 10%/uL 5(1-77)9 5 (4-8)9 0.86
Neutrophil-to-lymphocyte ratio 5(1-67) 5(3-9) 0.18
Platelet-to-lymphocyte ratio 216 (14-2776) 234 (158-374) 0.11
Albumin level in g/dL 4 (1-5)" 4 (3-4)h <0.01
ALP level in 1U/L 98 (23-2531)’ 101 (74-146)' 0.10
Calcium level in mg/dL 9 (4-18) 9(9-10)’ <0.01
Creatinine level in mg/dL 0.7 (0.3-8.1) 0.8 (0.7-1.1) ¢ < 0.01
Sodium level in mg/dL 137 (118-149)' 138 (136-140)’ <001

Outcomes
90-day mortality 18 (63 of 350) 29 (305 of 1052) < 0.01
1-year mortality 51 (167 of 326) 62 (639 of 1031) < 0.01

Data presented as % (n) or median (range).

@BMI was missing for 22% (237 of 1090) of patients in the developmental cohort.

PECOG scale was missing for 61% (668 of 1090) of patients in the developmental cohort.

“Hemoglobin level was missing for 13% (146 of 1090) of patients in the developmental cohort.

YWhite blood cell count was missing for 13% (146 of 1090) of patients in the developmental cohort.

®Platelet count was missing for 13% (146 of 1090) of patients in the developmental cohort.

The absolute lymphocyte count was missing for 2% (8 of 356) of patients in the validation cohort and 30% (326 of 1090) of patients

in the developmental cohort.

9The absolute neutrophil count was missing for 2% (8 of 356) of patients in the validation cohort and 30% (322 of 1090) of patients in

the developmental cohort.

PThe albumin level was missing for 7% (25 of 356) of patients in the validation cohort and 29% (320 of 1090) of patients in the

developmental cohort.

"The alkaline phosphatase level was missing for 5% (18 of 356) of patients in the validation cohort and 29% (316 of 1090) of patients

in the developmental cohort.

JThe calcium level was missing for 2% (8 of 356) of patients in the validation cohort and 18% (200 of 1090) of patients in the

developmental cohort.

“The creatinine level was missing for 19% (66 of 356) of patients in the developmental cohort.
"The sodium level was missing for 0.03% (1 of 356 patient) of patients in validation cohort and 18% (199 of 1090) of patients in

developmental cohort; ALP = alkaline phosphatase.

metastatic cancer; primary tumor type, classified per
Katagiri et al. [25]; ECOG score; tumor location; patho-
logic fracture; other bone, visceral (lung and/or liver), or
brain metastases; previous systemic therapy or local radi-
ation; absolute lymphocyte and neutrophil count (in 10%/
uL); albumin level (in g/dL); alkaline phosphatase level (in
IU/L); calcium level (in mg/dL); creatinine level (in
mg/dL); hemoglobin level (in g/dL); platelet count (in 10%/
ul); sodium level (in mg/dL); and white blood cell count
(in 10°/ uL).

The primary outcomes were 90-day and 1-year mor-
tality, which were defined as the time between the pa-
tient’s first surgery for a long-bone metastasis and death
of any cause. Loss to follow-up occurred in 2% (6 0of356)
of patients at 90 days and in 8% (30 of 356) at 1 year.
Patients whose final survival status could not be ascer-
tained due to loss to follow-up were excluded from
analyses of model performance and calculation of actual
survival rates.
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Missing Data

We used the missForest method [43] to impute missing
values for the absolute lymphocyte count (2% [8 of
356]), absolute neutrophil count (2% [8 of 356]), albu-
min level (7% [25 of 356]), alkaline phosphatase level
(5% [18 of 356]), calcium level (2% [8 of 356]), and
sodium level (0.3% [1 of 356]). No missing data was
recorded for ECOG because the hospital’s electronic
medical records system requires input of ECOG score
every time a patient with malignancy is seen in the clinic
or admitted to the hospital.

Ethical Approval
This international external validation study followed the

Transparent Reporting of a Multivariable Prediction Model
for Individual Prognosis or Diagnosis (TRIPOD) guidelines
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[I1, 15, 16] and the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) [12]
guidelines. The study was approved by our institutional re-
view board (201912022RIND).

Assessment of Model Performance and Statistical Analysis

We manually retrieved the 90-day and 1-year SORG-MLA
predictions for each patient from an internet-based application
(https://sorg-apps.shinyapps.io/extremitymetssurvival/). A
discrimination analysis (concordance index [c-index]), cali-
bration analysis (intercept and slope), overall performance
analysis (Brier score), and decision curve analysis were per-
formed to validate the two set of algorithms [14, 44]. A
c-index ranges from 0.5 to 1.0, with 0.5 indicating random
guess and 1.0 perfect discrimination. A c-index = 0.7 indi-
cates a good model, and a c-index = 0.8 an excellent model
[26]. Calibration refers to the agreement between the pre-
dicted outcomes and the actual outcomes and is assessed by
plotting the calibration curves and computing the calibration
slope and intercept. A perfect calibration has an intercept of
0 and a slope of 1. A positive intercept suggests an un-
derestimation of the outcome by the prediction model, and a
negative intercept indicates an overestimation [48]. The Brier
score refers to overall performance. It is the average mean
squared difference between the model predictions and the
observed outcomes, and ranges from 0 (best prediction) to 1
(worst prediction). However, the prevalence of the outcome
must be considered; therefore, the Brier score of the null
model was also calculated by assigning a probability equal to
the prevalence of the outcome (in this case, the actual survival
rate) to each patient. The net benefit of the prediction model is
calculated by comparing its Brier score with that of the null
model. If a prediction model’s Brier score is lower than the
null model’s, then the prediction model is deemed as having
good performance.

The decision curve analysis was designed to assess the net
benefit of a model across a range of different threshold
probabilities [49]. Unlike a discrimination analysis (c-
index), a decision curve analysis considers the cost-to-
benefit ratio. The user of the model can decide which
threshold probability (such as, the ratio of potential risk to the
potential benefit) of a treatment is important or applicable and
determine whether the model is valuable at that threshold and
see what the predicted net benefit would be. In general, if the
harm of a treatment modality is relatively limited, for exam-
ple, antibiotics for infection, the clinician may choose a lower
threshold probability. In contrast, if the potential risks asso-
ciated with a treatment are high, such as, performing extensive
surgery in a fragile patient, a higher threshold possibility
should be chosen for decision-making [44, 45].

We compared the baseline characteristics, 90-day mortality
rate, and l-year mortality rate of the developmental and

external validation cohorts. We assessed continuous variables
using one-way median tests, and we compared categorical data
using chi-square tests and the Yates correction (if applicable).
The actual and average predicted survival rates at 90 days and 1
year were compared with a dependent t-test. A multivariate
logistic regression analysis was fitted to the ECOG perfor-
mance status to estimate 90-day and 1-year mortality while
adjusting for the SORG-MLA prediction outcomes. The
multivariate logistic regression results are provided as odds
ratios with 95% confidence intervals. A two-tailed p value =
0.05 was considered significant. R for Mac (version 4.0.4, R
Core Team), along with its packages of missForest, risk model
decision analysis, and CalibrationCurves (downloaded through
Github), was used for all statistical analyses.

Results

Is the SORG-MLA Generalizable to a Taiwanese Cohort
for Predicting 90-day and 1-year Survival?

The SORG-MLA showed good discriminatory ability in
predicting the postoperative 90-day and 1-year survival in the
Taiwanese cohort. The c-index was 0.80 (95% CI 0.74 to
0.86) for postoperative 90-day survival prediction and 0.84
(95% CI 0.80 to 0.89) for postoperative 1-year survival pre-
diction (Table 2). The calibration analysis provided an in-
tercept of 0.78 (95% CI 0.46 to 1.10) and slope of 0.74 (95%
CI 0.53 to 0.96) for the 90-day survival prediction, and an
intercept of 0.75 (95% CI 0.49 to 1.00) and a slope of 1.22
(95% CI 0.95 to 1.49) for 1-year survival (Fig. 2). These
positive calibration intercepts suggest that the SORG-MLAs
tend to underestimate Taiwanese patients’ survival at both
90 days postoperative and 1 year. The actual 90-day survival
rate in our cohort was higher than the predicted value (82%
versus 73%; dependent t-test p < 0.01). The actual 1-year
survival rate was also higher than the predicted 1-year sur-
vival rate (49% versus 35%; dependent t-test p < 0.01). The
Brier score of the 90-day and 1-year SORG-MLA prediction
models was lower than that of their respective null model
(0.12 versus 0.16 for 90-day prediction; 0.16 versus 0.25 for
1-year prediction) (Table 2), indicating good overall perfor-
mance of SORG-MLAs at these two timepoints. In the de-
cision curve analysis, the 90-day SORG-MLA was shown to
provide a positive net benefit compared with a strategy of
operating on either all or no patients when the threshold
probabilities ranged from 0.40 to 0.95 (Fig. 3A). The 1-year
SORG-MLA also provided a similar gain of positive net
benefit compared with a default strategy of operating on either
all or no patients when the threshold probabilities ranged from
0.15 to 1.0 (Fig. 3B). These results indicated that management
changes based on the 90-day and 1-year SORG algorithms
had greater net benefit than the default strategies of changing
management for no patients or for all patients.
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Table 2. C-indices and Brier scores of the SORG-MLA by primary tumor histology in the validation cohort (n = 356)

90-day prediction

1-year prediction

c-index Brier Actual vs predicted c-index Brier Actual vs predicted

Validation cohort (95% CI)*  score® survival rate (95% CI)*>  score® survival rate

Overall (n = 356) 0.80 0.12 82% vs 73% 0.84 0.16 49% vs 35%
(0.74-0.86) (0.16) (0.80-0.89) (0.25)

Solid-organ (n = 333) 0.79 0.13 81% vs 72% 0.84 0.16 47% vs 34%
(0.73-0.86) (0.16) (0.80-0.89) (0.25)

Lung (n =116) 0.87 0.10 82% vs 73% 0.89 0.13 44% vs 34%
(0.77-0.97) (0.16) (0.83-0.95) (0.25)

Breast (n = 58) 0.58 0.07 93% vs 83% 0.75 0.15 78% vs 43%
(0.16-1.00)  (0.07) (0.58-0.91)  (0.17)

Liver (n = 37) 0.72 (0.53- 0.13 85% vs 58% 0.76 0.18 47% vs 26%
0.91) (0.14) (0.58-0.94) (0.25)

Hematologic malignancies 0.95°¢ 0.04 96% vs 83% 0.82 0.15 71% vs 49%
(n=23) (0.05) (0.58-1.00) (0.20)

Kidney (n = 21) 0.65°¢ 0.05 95% vs 80% 0.80 0.17 39% vs 44%
(0.05) (0.53-1.00)  (0.24)

Prostate (n = 19) 0.69 0.21 68% vs 77% 0.98 (0.92- 0.08 42% vs 39%
(0.43-0.94) (0.22) 1.00) (0.24)

A c-index of 0.5 indicates random guess and 1.0 indicates perfect discriminatory ability. A c-index of 0.8 is typically considered to

denote great discriminatory ability.

PThe Brier score of the prediction model should be compared with that of the null model. The Brier score of the null model is
presented in parentheses. A lower Brier score of the prediction model indicates good overall model performance. Solid-organ
malignancies include all kind of malignancies except for hematopoietic malignancies.

€95% Cl could not be calculated because only one patient died within 90 days of surgery.

Is the ECOG Score an Independent Factor Associated with
90-day and 1-year Survival While Controlling for SORG-
MLA Predictions?

The ECOG score was an independent factor associated
with 90-day survival but not 1-year survival while con-
trolling for SORG-MLA predictions. In the multivariate
analysis that adjusted for SORG-MLA’s 90-day survival
prediction, patients with an ECOG score of 3 or 4 had
higher 90-day mortality (OR 1.94 [95% CI 1.01 to 3.73];
p=0.04) but not 1-year mortality (OR 1.07 [95% CI 0.53 to
2.17]; p = 0.85) than those with a score of 0 to 2.

Discussion

Patients with metastatic bone disease in the extremities
should ideally be managed with a personalized strategy that
takes their life expectancy into consideration to avoid un-
der- or overtreatment. The SORG-MLAs incorporate state-
of-the-art machine learning techniques and have demon-
strated excellent performance on internal validation.
However, SORG-MLAs have not been externally vali-
dated outside the United States, especially in the Han
Chinese population, who represent nearly one-fifth of the
global population. In this study, we found that SORG-
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MLAs retained excellent discriminatory ability and pro-
vided net benefits to surgical decision-making when used
to estimate both 90-day and 1-year survival probabilities in
Taiwanese patients with extremity metastasis. However,
the calibration analysis and a comparison of the actual and
the predicted survival rates indicated that SORG-MLA
tended to underestimate patient survival in our Taiwanese
validation cohort. Clinicians should keep this un-
derestimation in mind when they use SORG-MLAs for
survival prediction in patients of Han Chinese descent. The
SORG-MLAs can be accessed online at https://sorg-apps.
shinyapps.io/extremitymetssurvival/.

Limitations

This study has several limitations. First, this was a single-
institution study, and more than 98% of patients in our
cohort were of Han Chinese descent. This might limit the
reference value of the current study for physicians treating
patients from other racially distinct regions. In addition,
this cohort is unique because the Taiwanese healthcare
system consists of the government-run National Health
Insurance program, which covers every citizen and legal
foreign resident, rendering molecularly targeted treatment
and radiotherapy readily accessible and relatively
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Fig. 2 A-B Calibration plots representing the predictions of the SORG-MLAs are shown for
(A) 90-day and (B) 1-year survival. The calibration plot visualizes how accurate the predictions
are for different probabilities. The diagonal dashed line represents the perfect prediction
(predicted probabilities = observed probabilities); the closer the model curve is to the di-
agonal line, the more accurate the prediction.

affordable. For example, the price of gefitinib, an effective
targeted agent for lung cancer, is 10 times more expensive
in the United States (USD 270 per tablet) than it is in
Taiwan (USD 26 per tablet) [1, 18]. As a result, patients in
Taiwan might be less financially constrained with use of
newer medical therapies such as targeted agents and im-
munotherapy. Second, although we accounted for most
known prognostic variables, additional factors—in partic-
ular, tumor-specific variables such as response to systemic
therapy, use of oral targeted therapies or bone-modifying
agents, administration of immunotherapy, and tumor mo-
lecular profiling—may predict survival, but we did not
include them. Lack of consideration of these granular de-
tails could have contributed to the underestimation of pa-
tient survival in our validation cohort. We believe current
predictive models can be improved not only by considering
incremental factors such as the ECOG score identified in
this study, but also by investigating the added value of
these aforementioned wvariables. Third, this study is
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retrospective. The data used for input into the SORG-
MLAs, such as results of laboratory tests and variables
based on imaging studies or clinical evaluation, were not
acquired in a standardized fashion and not all at the same
time before surgery. Validation of the SORG-MLAs based
on data from a prospectively enrolled cohort evaluated
with a standardized preoperative protocol is an avenue for
future research. Fourth, survival is only one aspect to
consider when deciding on surgical treatment. For exam-
ple, some patients with femoral pathologic fractures might
benefit from surgical fixation even though their expected
survival is short because in this situation acceptable pain
control and quality of life is seldom achieved with non-
surgical treatment. Future studies should attempt to de-
velop predictive models for outcomes such as
postoperative ambulatory status, hospitalization, reopera-
tions, systemic complications, level of pain, and quality of
life, the latter of which is often considered the most im-
portant aspect in the care of patients with incurable cancer.
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Fig. 3 A-B Decision curve analysis plots of SORG-MLA predictions of (A) 90-day and
(B) 1-year survival. A color image accompanies the online version of this article.
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Physicians should be aware of these potential pitfalls when
using SORG-MLAS in the clinical setting.

Is the SORG-MLA Generalizable to a Taiwanese Cohort
for Predicting 90-day and 1-year Survival?

In this study, we found that SORG-MLAs performed well in a
cohort comprised mostly of Han Chinese, who represent a
substantial portion of the world’s population and may be more
frequently seen in many clinicians’ practices in this age of
globalization. This tool can help physicians and their Han
Chinese patients in the shared decision-making process, but
users should be aware that SORG-MLAs might un-
derestimate survival rates in this patient population. In a study
comparing six state-of-the-art preoperative scoring systems
for patients undergoing surgical treatment for long-bone
metastases, Meares et al. [28] reported that the PathFx model
had the best performance for 90-day survival prediction (c-
index 0.70 [95% CI 0.69 to 0.70]) and the OPTIModel was
the best for predicting 1-year survival (c-index 0.79 [95% CI
0.78 to 0.79]). Compared with these two benchmarks (the
PathFx model and OPTIModel), the SORG-MLAs had better
discriminatory ability at both timepoints (c-index 0.80 [95%
CI 0.74 to 0.86] for 90-day survival prediction and c-index
0.84 [95% CI 0.80 to 0.89] for 1-year survival prediction).
However, PathFx was recently updated and has now been
externally validated not only in patients treated with surgery
but also in patients treated nonoperatively with external beam
radiation therapy [2]. In addition, PathFx provides post-
operative survival predictions at six timepoints: 1 month,
3 months, 6 months, 12 months, 18 months, and 24 months.
By contrast, the SORG-MLAs currently offer only 90-day
and 1-year survival predictions and remain to be validated in
nonoperatively treated patients. The SORG-MLAs should
ideally be retrained to make up for these shortcomings.
Furthermore, cancer therapeutics have evolved, and there
have been rapid advances in recent years. More emphasis is
now placed on tumor-specific characteristics such as the
histologic subtype, mutation status, hormone receptor ex-
pression profile, and response to novel treatment strategies.
We believe future studies should focus on collecting granular
tumor-specific data of individual cancer types to enhance the
SORG-MLA’s performance.

Is the ECOG Score an Independent Factor Associated with
90-day and 1-year Mortality While Controlling for SORG-
MLA Predictions?

In our Taiwanese cohort, the ECOG performance scale was an
independent factor associated with 90-day mortality but not
with 1-year mortality after controlling for SORG-MLA pre-
dictions in multivariate analysis. This finding was consistent
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with results from several previous studies, in which investi-
gators found that 90-day survival depended more on the pa-
tient’s general condition (for example, the ECOG performance
status or albumin level) and 1-year survival was influenced
more by the primary tumor type [23, 24, 27, 33, 39, 47]. One
study specifically assigned quantified importance to various
survival prognosticators for patients with spinal metastases [23,
39]. On a scale of 0 to 100, where 100 indicated the most
important prognosticators and 0 indicated the least important
ones, the primary tumor type scored 100, the albumin level
scored 90, and ECOG performance status scored less than 20 in
1-year survival prediction. On the other hand, these three fac-
tors scored 60, 100, and 40, respectively, in 90-day survival
prediction. We propose that developers of survival prediction
algorithms should consider incorporating the ECOG score into
their (machine learning) algorithms for predicting survival in
patients with long-bone metastases. We believe that current
predictive models can be improved by considering incremental
factors such as the ECOG. Future studies should investigate the
benefit of additional predictive factors such as tumor mutation
profiles, novel systemic therapies, or body composition mea-
surements based on imaging [21].

Conclusion

SORG-MLAs performed well in this Taiwanese cohort in
terms of both discrimination and decision curve analysis.
However, they tended to underestimate the patient’s actual
survival. The ECOG performance status may provide ad-
ditional prognostic value for survival predictions, with
further research warranted regarding this possibility. More
international, larger, and preferably prospective studies in
search of additional prognosticators that add incremental
value to the current model are needed to confirm and refine
the findings of this study. The SORG-MLAs for extremity
metastases can be accessed freely as an internet application
at https://sorg-apps.shinyapps.io/extremitymetssurvival/.

This is an open-access article distributed under the terms of the
Creative Commons Attribution-Non Commercial-No Derivatives
License 4.0 (CCBY-NC-ND), where it is permissible to download
and share the work provided it is properly cited. The work cannot be
changed in any way or used commercially without permission from
the journal.
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