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Objective. To develop and externally validate a CT-based radiomics nomogram for pretreatment prediction of relapse in
osteosarcoma patients within one year. Materials and Methods. In this multicenter retrospective study, a total of 80 patients
(training cohort: 63 patients from three hospitals; validation cohort: 17 patients from three other hospitals) with osteosarcoma,
undergoing pretreatment CT between August 2010 and December 2018, were identified from multicenter databases. Radiomics
features were extracted and selected from tumor regions on CT image, and then, the radiomics signature was constructed. The
radiomics nomogram that incorporated the radiomics signature and clinical-based risk factors was developed to predict relapse
risk with a multivariate Cox regression model using the training cohort and validated using the external validation cohort. The
performance of the nomogram was assessed concerning discrimination, calibration, reclassification, and clinical usefulness.
Results. Kaplan-Meier curves based on the radiomics signature showed a significant difference between the high-risk and the
low-risk groups in both training and validation cohorts (P <0.001 and P =0.015, respectively). The radiomics nomogram
achieved good discriminant results in the training cohort (C-index: 0.779) and the validation cohort (C-index: 0.710) as well as
good calibration. Decision curve analysis revealed that the proposed model significantly improved the clinical benefit compared
with the clinical-based nomogram (P < 0.001). Conclusions. This multicenter study demonstrates that a radiomics nomogram
incorporated the radiomics signature and clinical-based risk factors can increase the predictive value of the osteosarcoma relapse
risk, which supports the clinical application in different institutions.

1. Introduction

Osteosarcoma (OS) is the most common primary malignant
bone tumor [1]. 30-40% of patients with localized osteosar-
coma will subsequently develop relapse (including local
recurrence and distant metastasis, resulting in a 5-year sur-
vival rate of only 23% to 29%) [2]. Approximately 60% of

these patients will relapse in less than one year after sur-
gery [3]. The study from the Rizzoli Orthopaedic Institute
(Bologna, Italy) indicated that the relapse of osteosarcoma
was closely related to the correct margin of surgery and
the effectiveness of preoperative chemotherapy [4]. Previ-
ous documents have pointed out that the pivotal questions
to be answered were lack of biomarkers, a wide tumor
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heterogeneity, and a rapid metastasizing potential [5]. So,
seeking predictors of relapse within one year might be
very important to benefit osteosarcoma patients from
effective chemotherapy, additional surgery met the require-
ments, and supplementary radiotherapy [6]. However, it is
still a complex challenge to accurately predict the relapse
in osteosarcoma.

The probability of tumor relapse could be predicted using
the Huvos grading system in osteosarcoma patients; how-
ever, this grading system is assessed only in the resected
specimens after surgery [7]. Meanwhile, clinical risk factors
(such as patient age, tumor stage, alkaline phosphatase vascu-
lar invasion, and joint invasion) were also used to predict
relapse of osteosarcoma [8-11]. However, these clinical
pathology factors could not reflect the heterogeneity of
tumor, which is the main reason that leads to failure of
prediction accuracy for the relapse in osteosarcoma [12, 13].

Currently, previous studies have shown that radiomics
data contains strong prognostic information about cancers,
such as osteosarcoma, lung cancer, and head-and-neck
cancer, which are associated with potential gene expression
patterns. Radiomics combined with clinical factors has
improved the accuracy of survival prediction in cancer
patients [14, 15]. Computed tomography (CT) scans can
assess bone destruction and osteoid formation and have a
greater advantage in assessing osteosarcoma. In addition,
CT examination is a traditional, very conventional, low-cost
inspection for patients [16]. Therefore, integrating clinical
information into the radiomics model would be a promising
direction for the prediction of relapse in osteosarcoma
patients. However, regarding CT, research on the prediction
of osteosarcoma relapse using this radiomics is relatively lim-
ited. Although CT radiomics analyses have recently been
explored for evaluation of neoadjuvant chemotherapy
response [17] and prediction survival in high-grade osteosar-
coma [14], the results lacked essential multicenter external
validation.

The purpose of this study was to predict the risk of
relapse and to stratify the risks of relapse in patients with
osteosarcoma within one-year postsurgery, using radiomics
nomograms combined with radiomics features and clinical
risk factors based on multicenter data.

2. Materials and Methods

2.1. Patients. This multicenter retrospective study was con-
ducted by the main large-scale six hospitals in Guangdong
Province and obtained ethical approval from the institutional
review board (IRB) of the Third Affiliated Hospital of South-
ern Medical University, and the need for informed consent
from the patients was waived. The entire design of this study
is illustrated in Figure 1. The selection process of patients is
illustrated in Supplementary Figure S1. According to the
inclusion and exclusion criteria, a total of 80 osteosarcoma
patients (49 males and 31 females; mean age, 25.59 + 15.74
years; range, 5-71 years) with postoperative histopathology
were retrospectively enrolled from multiple centers between
August 2010 and December 2018. Treatments included
preoperative neoadjuvant chemotherapy and surgery to
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achieve a wide excision. All patients received the treatments
following the National Comprehensive Cancer Network
(NCCN) guidelines (Supplementary 2) and were followed
up in a timely fashion in the different hospitals
(Supplementary 3) [18]. The patients with osteosarcoma
who suffered a local early recurrence or distant metastasis
within one year were defined as the relapse cohort, whereas
the patients without relapse within one year were classified
as the nonrelapse cohort. Supplementary 4 describes the
criteria of serum markers (alkaline phosphatase and
hemoglobin). Tumor-invading joints were determined as
surface destruction and irregular edges in subarticular bone
and overlying articular cartilage, joint space widened, or
soft tissue mass in the close joint [19]. The differences in
sex, age, HGB, ALP, pathological fracture, tumor location,
morphology (including solidity, sphericity, and irregularity),
and joint invasion between the two cohorts were assessed by
using independent sample t-test or chi-squared test, where
appropriate (P < 0.05).

2.2. Image Acquisition, Segmentation, and Feature Extraction.
No preprocessing or normalization methods were used on the
original images. The details regarding the CT acquisition
parameters are shown in Table SI. ITK-SNAP software
(http://www.itksnap.org) was used to obtain a region of
interest (ROI) segmentation result. All ROI areas are
delineated manually slice by slice of each osteosarcoma in
transverse orientation around the gross tumor volume
(GTV) on CT images without contrast-enhanced by
doctors. The ROI-based radiomics features were extracted
according to the methods described in Supplementary 5.
All features conform to the definitions in the Image
Biomarker Standardization Initiative (IBSI) [20]. The
interobserver reproducibility and stability for feature
extraction were initially analyzed with 40 randomly
selected patients through ROI segmentation by two
experienced radiologists, respectively (radiologists 1 and 2,
with 20 and 12 years of experience in OS CT interpretation,
respectively). The intraclass correlation coeflicient (ICC) was
used to assess the agreement of two radiologists in the CT
characteristics. We interpreted an ICC of 0.80-1.00 as almost
perfect agreement, 0.61-0.79 as substantial agreement, 0.41-
0.60 as moderate agreement, 0.21-0.40 as fair agreement, and
0-0.20 as poor or no agreement. The segmentation for the
remaining images was completed by radiologist 1.

2.3. Radiomics Feature Selection and Construction of the
Radiomics Signature. Optimal feature reduction and selec-
tion were performed in two steps from the training cohort
(Supplementary 6). According to the Harrell guideline, the
number of events should exceed the number of included
covariates by at least 10 times in a multivariate analysis
[21]. Features with the almost perfect agreement remained
for further screening. Features with low correlation with
labels and highly redundant to each other were excluded
using the Minimum Redundancy Maximum Relevance
(MRMR) method [22]. The least absolute shrinkage and
selection operator (LASSO) Cox regression model was used
to select the most predictive features [23]. The selected
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FIGURE 1: The work flow of this study.

features were then combined into a radiomics signature.
Specifically, a radiomics score (Rad-score) was computed
for each patient through a linear combination of the selected
features weighted by their respective coeflicients.

2.4. Validation of the Radiomics Signature. The potential
association of radiomics signature and relapse risk was
assessed in the training cohort and then validated in the
validation cohort by using Kaplan-Meier survival analysis.
The patients were classified into high-risk or low-risk groups
according to the Rad-score; the threshold of which was iden-
tified by using X-tile [24]. The difference in the relapse curves
of the high-risk and low-risk groups was evaluated by using a
weighted log-rank test (the G-rho rank test, rho = 1) [25].

2.5. Construction and Assessment of the Radiomics
Nomogram. To demonstrate the incremental value of the
radiomics signature for an individualized assessment of
relapse risk in patients with OS, both a radiomics nomogram

and a clinical-based nomogram were constructed for the
training cohort using the multivariate Cox analysis. The
radiomics nomogram incorporated the radiomics signature
and the clinical-based risk factors (including clinical and
CT-accessed risk factors). The clinical-based nomogram
contained only the clinical-based risk factors.

To compare the prediction performance of the radiomics
nomogram, the performance was assessed in both the train-
ing and the validation cohorts with respect to discrimination,
calibration, and clinical usefulness [26]. The Harrell concor-
dance index (C-index) was measured to quantify the predic-
tive performance of the nomograms [27]. The calibration
curve, representing the agreement between the predicted
and observed probabilities of relapse, was plotted to assess
the calibration of the nomograms [28]. Decision curve anal-
ysis (DCA) was used to evaluate whether the nomograms
were sufficiently robust for clinical practice. The net benefit
was derived by calculating the difference between the true
positive rate and the weighted false positive rate across



different threshold probabilities [29]. To quantify the useful-
ness of the radiomics nomogram added by the radiomics
signature, a net reclassification improvement (NRI) calcula-
tion was also applied [30].

2.6. Statistical Analysis. All statistical analyses were per-
formed with R software (version 3.5.2, http://www.R-
project.org) and X-tile software (version 3.6.1, Yale Univer-
sity School of Medicine, New Haven, Conn). LASSO Cox
regression analysis was performed by using the “glmnet”
package; we used ‘nlambda=100" and “maxit=1000" to
calculate the signature; we used the “lambda.1lse” to select
critical features. Nomograms and calibration plots were per-
formed with the “rms” package. The “hmisc” package was
used for comparisons between C-indices. NRI was performed
by using the “nricens” package. DCA was performed by using
the “stdca” package. The reported statistical significance
levels were all two-sided, with the statistical significance level
set at 0.05.

3. Results

3.1. Clinical Characteristics. The patients were divided into
two cohorts on the basis of hospitals: a training cohort and
an independent validation cohort. The training cohort
included 63 patients (36 men and 27 women; mean age,
24.10 £ 14.79 years; range, 5-71 years) from the first three
hospitals. The external validation cohort consisted of 17
patients (13 men and 4 women; mean age, 31.12+18.30
years; range, 14-64 years) from the other three hospitals.
Thirty-three patients relapsed in one year, and 47 patients
did not during the follow-up.

Clinical characteristics in the training and validation
cohorts are summarized in Table 1. The clinical risk factors
showed no significant differences between the relapse group
and the nonrelapse group within the training and validation
cohorts (P=0.119 - 0.837) besides the HGB level in the
training cohort (P = 0.018). For CT-assessed candidate char-
acteristics, joint invasion showed significant differences
within the two cohorts (P =0.004 and 0.036, respectively).
However, for CT-assessed morphology characteristics, solid-
ity, sphericity, and irregularity had significant differences
only for the training cohort (P=0.003, 0.039, and 0.011,
respectively).

The interobserver reproducibility of the extracted fea-
tures was a perfect agreement with ICC > 0.80. Therefore,
all segmentation results were based on the delineation of
the first radiologist.

3.2. Construction of the Radiomics Signature. A total of 8750
features were extracted from each CT image. Among these
features, 5675 reliable features with an ICC greater than
0.80 were selected for further analysis. After using the
MRMR method, the top 200 prominently features remained.
Of these top-ranked features, four features with nonzero
coeflicients in the LASSO Cox regression model were associ-
ated with relapse (Table 2). The radiomics signature was
developed, based on the four selected features and their coef-
ficients (Figure 2). The optimal value (the black vertical
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dotted lines) of the LASSO tuning parameter (1) was 0.179.
The radiomics signature was constructed, with a Rad-score
calculated by using the following formula:

Rad-score = morph_pca_elongation * 0.2360
+ HLL_64_Uniform_stat_var * 0.6851
+ LLL_64_Lloyd_cm_clust_tend * 0.3164
+ LHH_32_Lloyd_szm_glnu * (-0.6421).

(1)

The distributions of the Rad-scores and state of relapse in
the training and validation cohorts are shown in Figure 3.
Patients in the relapse group generally had higher Rad-
scores than nonrelapse patients.

3.3. Validation of the Radiomics Signature. The optimum
cutoft between patients generated by the X-tile plot was
—-0.63 on the basis of the training cohort (Figure S2).
Accordingly, patients were classified into the high-risk group
(Rad — score > -0.63) and low-risk group (Rad —score <
—0.63). Relapse rates in the high-risk and low-risk groups
of the training and validation cohorts are listed in Table 3.

The performances of the radiomics signature for relapse
risk stratification determined by Kaplan-Meier curves are
demonstrated in Figure 4. Kaplan-Meier curves showed a sig-
nificant difference between the high-risk and the low-risk
groups by using the G-rho rank test in both training and
validation cohorts (P <0.001 and P =0.015, respectively).
Patients with lower Rad-scores generally had the lower risk
of relapse, although six (15.4%) patients confirmed with
relapse were classified in the low-risk group in training and
validation cohorts; high Rad-scores had the higher risk of
relapse (66% and 56% patients with relapse were classified
in the high-risk group).

3.4. Construction and Performance of the Radiomics
Nomogram. A univariate Cox regression model was used to
assess the predictive ability of clinical-based risk factors.
HGB (HR: 2.3, 95% CI: 1.1-5) and joint invasion (HR: 3.9,
95% CI: 1.8-8.7) revealed significant predictive power
(P =0.025 and <0.001, respectively). The two factors were
used to build the clinical-based nomogram and then
integrated with the radiomics signature to construct the
radiomics nomogram. The nomograms are presented in
Figures 5(a) and 5(b). The calibration curves of the nomo-
grams are shown in Figures 5(c) and 5(d); Radiomics calibra-
tion curve showed better agreement between the estimation
with the nomogram and actual observation than the
clinical-based curve. The discriminant performance of the
radiomics signature improved when it was integrated with
the radiomics nomogram along with the clinical-based risk
factors. The C-index for the radiomics nomogram was
0.779 (95% CI: 0.70, 0.85) in the training cohort and 0.710
(95% CI: 0.53, 0.89) in the validation cohort. Compared with
the clinical-based nomogram (C-index: 0.606; 95% CI: 0.51,
0.70 in the training cohort), the radiomics nomogram
showed better discriminant capability (P <0.001 for each
comparison). Furthermore, the nomogram merged with sig-
natures showed improved prediction accuracy for relapse


http://www.R-project.org
http://www.R-project.org

BioMed Research International

"1$9) 21eNnbs-1yD), "G0°0 UBY) SSI[ ST IN[BA J,

(%0°001) 21 (%0°00T) S (%976) S€ (%9%8) TT ON
(%0°0) 0 (%0°0) 0 (%¥'S) ¢ (%¥'SD) ¥ EE)

€570 F81°0 amjoely ordojoyled
(%0°62) 6 (%0°07) T (%0°€L) LT (%9°%¢€) 6 ON
(%0°67) € (%0°08) ¥ (%0°£2) 01 (%¥'S9) L1 LN

29€0°0 220070 UOISEAUT JUIOf
(760 69°0F €6°T 1907 55T L1100 0707951 9TOFEET ArremBar
6T5°0 6E0FIIT 170 ¥ 860 «691°0 YLOFTHT 70T 0TI uorssa1321 103004 310ddng
9TL0 6T0FLLO STOFTLO 6€0°0 61°0"F89°0 LT0"F8L0 Ayprsydg
I1LE0 ILEFEHY 8LFFIT9 0LS°0 99 1F60 YO TF LEE ssaupeduo)
V€0 TH'8LS FTI°TTS 00°8F1 F 18°6911 2SLT0 96'S9T F ¥ LIE LS'08T F¥6°15C Apmuenyg
«LV6°0 81°0 F08°0 0207080 €000 9T°0 F08°0 010690 Ayiprjog
8L6°0 L00F98°0 €0°0F98°0 £S9L°0 960 F 780 99°0 F€8°0 RUN
26770 SHTLTFTI'89T 06 7Eh F €T LLSE S0T°0 86'G8 F 9P ¥l 6€°SE F 947501 20vJINg
200€°0 90'14S66L F 95°010209 ¥S'8LV9ETT F L9°€SHELIT 2958°0 0T'S69L0E F L¥ T1LS6T T€£8€90€ F¥1°06018¢C (W) swnjoa owny,

s10301pa1d ayeprpued passasse-10D)
(%L'1¥%) S (%0°08) ¥ (%0°£2) 0T (%8°€S) ¥1 [euLIouqy
(%€°8S) £ (%0°02) 1 (%0°€L) LT (%T9%) TI [ewIoN

6710 21€0°0 (T/Towru) 19A9] urqoj3ouwa
(%0°5T) € (%0°09) € (%1°5€) €1 (%97¢) 6 [ewIouqy
(%0°62) 6 (%0°0%) T (%6%9) 7T (%¥'S9) L1 [ewioN

269T°0 2996°0 (1/01) 1943] (aseyeydsoyd aurreye) 4TV
(%€'8) T (%0°0%) T (%9'T7) 8 (%9%¢) 6 auoq Jef]
(%L'16) 11 (%0°09) € (%¥'8L) 6C (%¥°59) L1 auoq SuoT]

61170 £570 uonedo[ Jowmn,
(%E€E) ¥ (%0°0%) T (%T120) L (%0°02) 9 0€2
(9%£°99) 8 (%0°09) € (%8°8L) 9T (%0°08) 7T 0¢>

€620 IT'ST ¥ 05°0€ 0807 T 09°C€ 5060 (seak) a8y
(%0°S2) € (%0°02) 1 (%TeP) 91 (%ETh) 11 Sewa]
(%0°SL) 6 (%0°08) ¥ (%8°99) 1T (%L°LS) ST N

.ST8°0 L1760 ([%] "ou) xag
L1LT0 (%9°0L) 1 (%¥'60) S (%L°8S) LE (%E°1¥) 9T sjuaneq

thuuﬁ Mm_u ﬁmu_G:U

d asdeforuoN asdepoy d asdefouoN asdefoy

11040 UONBPI[BA

110700 JuTuTe1],

dnsuRldeIeyD)

'sjuanyed oy} Jo $10301paid 2)BpIPUED PIssasse-]) PUB SI0)J.] NSLI [eIIUI[D) ] 14V ],



BioMed Research International

TaBLE 2: Radiomics feature selection results.

Feature family Feature name Tag Coeflicients
Morphology Elongation morph_pca_elongation 0.2360
Wavelet-based statistics Variance HLL_64_uniform_stat_var 0.6851
Wavelet-based gray level cooccurrence matrix Cluster tendency LLL_64_lloyd_cm_clust_tend 0.3164
Wavelet-based gray level size zone matrix Gray level nonuniformity (GLN) LHH_32_lloyd_szm_glnu -0.6421

outcome regarding NRI (0.507; 95% CI: —0.129-0.688, P <
0.001) compared with the clinical-based nomogram. A deci-
sion curve analysis showed that the radiomics nomogram
had a higher overall net benefit than the clinical-based nomo-
gram across the majority of the range of reasonable threshold
probabilities (Figure 6).

4. Discussion

Due to the high heterogeneity of CT image acquisition in dif-
ferent institutions, there is widespread concern about the use
of CT 3D image-based models for multicenter applications
[31]. Therefore, based on multicenter data, we developed
and externally validated a radiomics nomogram combining
the radiomics signature and clinical-based risk factors for
pretreatment relapse risk estimation.

In our study, tumor morphology including solidity, sphe-
ricity, and irregularity had a significant difference (P < 0.05)
between patients with relapse and nonrelapse in the training
cohort, which is consistent with previous studies that tumor
morphology has been suggested as the risk factors for relapse
in patients with some types of cancer including osteosarcoma
by several studies [32, 33]. However, these morphological
features have no statistical differences in the external valida-
tion cohort. We could not extract information regarding the
response from other published series and immediately
explain these results besides the small cohort size. More oste-
osarcoma patients should be enrolled to elucidate this biolog-
ical phenomenon in the future.

We found HGB (HR: 2.3, 95% CI: 1.1-5) and joint inva-
sion (HR: 3.9, 95% CI: 1.8-8.7) to be useful for prediction of
relapse risk in osteosarcoma patients (P = 0.025 and <0.001,
respectively); thus, HGB and joint invasion were used to
build the clinical nomogram and integrate them with the
Rad-score to construct the radiomics nomogram. But neither
of them could be a single factor to predict relapse accurately
because even if the clinical risk factors to be used were avail-
able, a great deviation would be generated by using only one
clinical risk factor for prognosis in the imbalance cohort [34].
Although, previous studies have shown that clinical risk fac-
tors are independent prognostic factors for the survival of
patients with osteosarcoma [35].

In our study, the radiomics signature demonstrated that
about 43% of patients (Rad — score > -0.63) were predicted
by the signature to relapse within a year. It is noteworthy that
variance, cluster tendency, and gray level nonuniformity
(GLN) were observed to be significantly correlated with
relapse in the combined whole dataset. Cluster tendency,
the measure of voxel clusters of similar gray level values,
has been confirmed to play critical roles in the survival pre-

diction and stratification of cancer patients [36]. Difference
variance is a measure of heterogeneity that places higher
weights on differing intensity level pairs that deviate more
from the mean. GLN measures the variability of gray level
intensity values in the image, with a higher value indicat-
ing more heterogeneity in intensity values. Our results
confirmed this concept that radiomics has emerged as a
potential solution to predict relapse for osteosarcoma
patients [37].

In recent studies, Lin et al. [17] and Wu et al. [14] have,
respectively, developed a CT-based radiomics nomogram
for evaluation of curative effect and prognosis in osteosar-
coma, which presented an AUC of 0.840 and 0.843 in the
validation cohort, respectively. Although they had more
numbers of patients in their study and the performance of
their radiomics model was superior to our research, they
did not have external validation, and they only analyzed
the patients with high-grade osteosarcoma while we studied
all-grade osteosarcoma patients. Furthermore, we included
patients from six different institutions and from different
CT devices, while the same CT scanner was selected in their
study. Different CT image acquisitions result in the difference
of radiomics features [38, 39], which might lead to bias and
could explain the poor performance of the radiomics model
we developed. Nevertheless, our study based on multicenter
data may make our results more incremental value than
single-center data trials. Without adjusting any key features
and their corresponding weights, a radiomics signature can
be built, so the application of the radiomics nomogram was
very straightforward. The calibration plots demonstrated
excellent agreement between risk stratification and nomo-
gram prediction. Furthermore, the integration of the
clinical-based risk factor with the nomogram showed
improved prediction accuracy for risk outcome regarding
NRI (0.507; 95% CI: —0.129-0.688, P < 0.001) for individual-
ized early relapse prediction comparing with the nomogram
without it. A decision curve analysis further confirmed the
potential value of this radiomics-based nomogram that
within most reasonable threshold probabilities, the radiomics
nomogram had a greater overall net benefit than the clinical
nomogram.

There were several limitations to the current study. First,
this study included a relatively small sample size. One reason
was that the incidence rate of osteosarcoma is very low and it
is very difficult to collect patient data. Another reason was
that one reason was that the incidence rate of osteosarcoma
is very low and it is very difficult to collect patient data.
Another reason was that the indications for surgery may have
differed among the participating hospitals, and this could
have resulted in a selection bias. Second, genetic research
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FIGURE 2: Texture feature selection using LASSO Cox regression model. (a) The partial likelihood deviation was plotted versus log (A). The

optimal parameter (1) was selected using a sixfold cross-validation and 1 standard error rule. The optimal A of 0.179 with log (1)
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was selected. (b) LASSO coefficient profiles of 200 radiomics features were based on CT images. Finally, four features were selected, which
are shown with black vertical dotted lines in the figure.
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based on CT images. The red bars indicate nonrelapse patients, whereas the blue bars show relapse patients.

TaBLE 3: Relapse rate in high-risk and low-risk groups.

Training cohort Validation cohort

Parameter High-risk group Low-risk group High-risk group Low-risk group
No. of patients 32 31 9 8
No. of patients with relapse 21 6 5 0

Rate of patients with relapse 66% 19% 56% 0%

was not included in our study. Previous studies have found a
series of metastasis-related genes in osteosarcoma [40].
Third, the relapse potential may be related to the location
of osteosarcoma tumors. In future work, we will develop a

series of prediction models for different locations of tumors.
At last, the standard of care for pretreatment imaging in
patients with osteosarcoma is MRI, not CT, in some hospitals
limiting the clinical implication of our results.
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FI1GURE 4: Kaplan-Meier survival curves according to the radiomics signature for patients with OS in (a) training cohort and (b) validation
cohort. Dashed lines are two-sided CI of the survival curves (solid line).
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FIGURE 5: (a) Radiomics nomogram and (b) clinical-based nomogram. To use the nomogram, for each patient, locate the patient’s Rad-score
points on the Rad-score axis. Draw a line straight up to the point axis to calculate the points. Repeat the process for each of the risk factors and
add the points up. Locate the final sum on the total point axis and draw a line straight down to find the patient’s relapse-free risk. Calibration
curves for (c) the radiomics nomogram and (d) the clinical-based nomogram show the calibration of each nomogram in terms of the
agreement between the estimated and the observed relapse outcomes.
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FIGURE 6: Decision curve analysis for the clinical-based nomogram and the radiomics nomogram. The y-axis represents the net benefit,
whereas the x-axis represents the threshold probability.

In summary, this externally verified radiomics nomo-  Conflicts of Interest
gram that incorporated both the radiomics signature and
clinical-based risk factors can increase the predictive value ~ The authors declare that they have no conflicts of
of the osteosarcoma patient’s relapse risk, which supports  interest.
the clinical application in different institutions.

Data Availability Authors’ Contributions

The data used to support the findings of this study are  Jin Liu, Tao Lian, and Haimei Chen contributed equally to
available from the corresponding author upon request. this work and co-first authors.



12

Acknowledgments

This paper is supported by the National Natural Science
Foundation of China (Grant Nos. 81871510, U1501256,
and U81601562), the Science and Technology Project of
Guangdong Province (No. 2015B010106008 and No.
2015B0101311011), and the Natural Science Foundation of
Guangdong Province (No. 2016A030313574).

Supplementary Materials

Supplementary 1: The Criteria for Inclusion and Exclusion.
Supplementary 2: Treatments. Supplementary 3: Follow-up
Details. Supplementary 4: The Criteria of Serum Markers.
Supplementary 5: Feature Extraction Methodology. Supple-
mentary 6: Feature Selection Procedure. Supplementary
Table S1: CT Image Acquisition Parameters. Supplementary
Figure S1: The Recruitment Pathway for Patients in This
Study. Supplementary Figure S2: X-tile Plot of the Radiomics
Signature in the Training Cohort. (Supplementary Materials)

References

[1] L. Mirabello, R.]. Troisi, and S. A. Savage, “Osteosarcoma inci-
dence and survival rates from 1973 to 2004: data from the sur-
veillance, epidemiology, and end results program,” Cancer,
vol. 115, no. 7, pp. 1531-1543, 2009.

[2] L.Xie, T.Ji,and W. Guo, “Anti-angiogenesis target therapy for
advanced osteosarcoma,” Oncology Reports, vol. 38, no. 2,
pp. 625-636, 2017.

[3] X.Yu, S. Wu, X. Wang, M. Xu, S. Xu, and Y. Yuan, “Late post-
operative recurrent osteosarcoma: three case reports with a
review of the literature,” Oncology Letters, vol. 6, no. 1,
pp- 23-27, 2013.

[4] G. Bacdi, S. Ferrari, M. Mercuri et al., “Predictive factors for
local recurrence in osteosarcoma 540 patients with extremity
tumors followed for minimum 2.5 years after neoadjuvant che-
motherapy,” Acta Orthopaedica Scandinavica, vol. 69, no. 3,
pp. 230-236, 1998.

[5] A. Luetke, P. A. Meyers, I. Lewis, and H. Juergens, “Osteo-
sarcoma treatment - where do we stand? A state of the art
review,” Cancer Treatment Reviews, vol. 40, no. 4, pp. 523-
532, 2014.

[6] S.Ferrariand M. Serra, “An update on chemotherapy for oste-
osarcoma,” Expert Opinion on Pharmacotherapy, vol. 16,
no. 18, pp. 1-10, 2015.

[7] G. Rosen, B. Caparros, A. G. Huvos et al., “Preoperative che-
motherapy for osteogenic sarcoma: selection of postoperative
adjuvant chemotherapy based on the response of the primary
tumor to preoperative chemotherapy,” Cancer, vol. 49, no. 6,
pp. 1221-1230, 1982.

[8] N. Aggerholm-Pedersen, K. Maretty-Kongstad, J. Keller,
S. Baerentzen, and A. Safwat, “The prognostic value of serum
biomarkers in localized bone sarcoma,” Translational Oncol-
ogy, vol. 9, no. 4, pp. 322-328, 2016.

[9] L.Sun,Y.Li,]J. Zhang, H. Li, B. Li, and Z. Ye, “Prognostic value
of pathologic fracture in patients with high grade localized
osteosarcoma: a systemic review and meta-analysis of cohort
studies,” Journal of Orthopaedic Research, vol. 33, no. 1,
pp. 131-139, 2015.

BioMed Research International

[10] S. Benezech, S. Chabaud, F. Chambon, F. Dijoud, F. Chotel,
and P. Marec-Berard, “Prognostic value of vascular invasion
in pediatric osteosarcomas,” Pathology Oncology Research,
vol. 22, no. 4, pp- 847-852, 2016.

[11] S. H. Kim, K. H. Shin, H. Y. Kim et al., “Postoperative nomo-
gram to predict the probability of metastasis in Enneking stage
IIB extremity osteosarcoma,” BMC Cancer, vol. 14, no. 1,
p. 666, 2014.

[12] M. R. Junttila and F. J. de Sauvage, “Influence of tumour
micro-environment heterogeneity on therapeutic response,”
Nature, vol. 501, no. 7467, pp. 346-354, 2013.

[13] J. P. O'Connor, C. J. Rose, J. C. Waterton, R. A. Carano, G. J.
Parker, and A. Jackson, “Imaging intratumor heterogeneity:
role in therapy response, resistance, and clinical outcome,”
Clinical Cancer Research, vol. 21, no. 2, pp. 249-257, 2015.

[14] Y. Wu, L. Xu, P. Yang et al., “Survival prediction in high-grade
osteosarcoma using radiomics of diagnostic computed tomog-
raphy,” eBioMedicine, vol. 34, pp. 27-34, 2018.

[15] Y.Huang, Z. Liu, L. He et al., “Radiomics signature: a potential
biomarker for the prediction of disease-free survival in early-
stage (I or II) non-small cell lung cancer,” Radiology,
vol. 281, no. 3, pp- 947-957, 2016.

[16] A.Chaddad, M. J. Kucharczyk, P. Daniel et al., “Radiomics in
glioblastoma: current status and challenges facing clinical
implementation,” Frontiers in Oncology, vol. 9, pp. 374-374,
2019.

[17] P.Lin, P. F. Yang, S. Chen et al., “A delta-radiomics model for
preoperative evaluation of neoadjuvant chemotherapy response
in high-grade osteosarcoma,” Cancer Imaging, vol. 20, no. 1,
p. 7, 2020.

[18] J. S. Biermann, W. Chow, D. R. Reed et al., “NCCN guide-
lines insights: bone cancer, version 2.2017,” Journal of the
National Comprehensive Cancer Network, vol. 15, no. 2,
p. 155, 2017.

[19] T.Zwaga,]. V. Bovee, and H. M. Kroon, “Osteosarcoma of the
femur with skip, lymph node, and lung metastases,” Radio-
graphics, vol. 28, no. 1, pp. 277-283, 2008.

[20] A. Zwanenburg, S. Leger, M. Valli¢res, and S. Lock, “Image
biomarker standardisation initiative,” Radiotherapy and
Oncology, vol. 127, pp. S543-5544, 2018.

[21] S.]J. Rao, “Regression modeling strategies: with applications to
linear models, logistic regression, and survival analysis,” Jour-
nal of the American Statistical Association, vol. 98, no. 461,
pp. 257-258, 2003.

[22] E.-M. Yasser, T.-Y. Hsieh, M. Shivakumar, D. Kim, and
V. Honavar, “Min-redundancy and max-relevance multi-
view feature selection for predicting ovarian cancer survival
using multi-omics data,” BMC Medical Genomics, vol. 11,
no. 3, p. 71, 2018.

[23] J. Gui and H. Li, “Penalized Cox regression analysis in the
high-dimensional and low-sample size settings, with applica-
tions to microarray gene expression data,” Bioinformatics,
vol. 21, no. 13, pp. 3001-3008, 2005.

[24] R.L.Camp, M. Dolled-Filhart, and D. L. Rimm, “X-tile: a new
bio-informatics tool for biomarker assessment and outcome-
based cut-point optimization,” Clinical Cancer Research,
vol. 10, no. 21, pp- 7252-7259, 2004.

[25] R. Fagerstrom, S. Buyske, and Z. Ying, “A class of weighted
log-rank tests for survival data when the event is rare,” Journal
of the American Statistical Association, vol. 95, no. 449,
pp. 249-258, 2000.


http://downloads.hindawi.com/journals/bmri/2021/6674471.f1.docx

BioMed Research International

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

R. Ramiporta, J. J. Crowley, and P. Goldstraw, “The revised
TNM staging system for lung cancer,” Annals of Thoracic
and Cardiovascular Surgery, vol. 15, no. 1, pp. 4-9, 2009.

G. Heller and M. Gonen, “Concordance probability and
discriminatory power in proportional hazards regression,”
Biometrika, vol. 92, no. 4, pp. 965-970, 2005.

M. W. Kattan, “Judging new markers by their ability to
improve predictive accuracy,” Journal of the National Cancer
Institute, vol. 95, no. 9, pp. 634-635, 2003.

A.J. Vickers and E. B. Elkin, “Decision curve analysis: a novel
method for evaluating prediction models,” Medical Decision
Making, vol. 26, no. 6, pp. 565-574, 2006.

M. J. Pencina, R. B. D'Agostino Sr., and E. W. Steyerberg,
“Extensions of net reclassification improvement calculations
to measure usefulness of new biomarkers,” Statistics in Medi-
cine, vol. 30, no. 1, pp. 11-21, 2011.

M. Meignan, A. S. Cottereau, A. Versari et al., “Baseline meta-
bolic tumor volume predicts outcome in high-tumor-burden
follicular lymphoma: a pooled analysis of three multicenter
studies,” Journal of Clinical Oncology, vol. 2016, no. 2066,
p. 9440, 2017

P. Crivelli, R. E. Ledda, N. Parascandolo, A. Fara, D. Soro, and
M. Conti, “A new challenge for radiologists: radiomics in
breast cancer,” BioMed Research International, vol. 2018,
Article ID 6120703, 10 pages, 2018.

X. Hong, W. Ly, Q. Yuan et al., “Prediction of local recurrence
and distant metastasis using radiomics analysis of pretreat-
ment nasopharyngeal 18F-FDG PET/CT images,” Journal of
Nuclear Medicine, vol. 59, supplement 1, p. 249, 2018.

L. Vasquez, F. Tarrillo, M. Oscanoa et al., “Analysis of prog-
nostic factors in high-grade osteosarcoma of the extremities
in children: a 15-year single-institution experience,” Frontiers
in Oncology, vol. 6, p. 22, 2016.

W. Zheng, Y. Huang, H. Chen et al., “Nomogram application
to predict overall and cancer-specific survival in osteosar-
coma,” Cancer Management and Research, vol. Volume 10,
pp. 5439-5450, 2018.

M. Soufi, H. Arimura, and N. Nagami, “Identification of opti-
mal mother wavelets in survival prediction of lung cancer
patients using wavelet decomposition-based radiomic fea-
tures,” Medical Physics, vol. 45, no. 11, pp. 5116-5128, 2018.

M. Hatt, F. Lucia, U. Schick, and D. Visvikis, “Multicentric val-
idation of radiomics findings: challenges and opportunities,”
eBioMedicine, vol. 47, pp. 20-21, 2019.

R. Berenguer, M. D. R. Pastor-Juan, J. Canales-Vazquez et al.,
“Radiomics of CT features may be nonreproducible and
redundant: influence of CT acquisition parameters,” Radiol-
0gy, vol. 288, no. 2, pp. 407-415, 2018.

D. Mackin, X. Fave, L. Zhang et al., “Measuring computed
tomography scanner variability of radiomics features,” Investi-
gative Radiology, vol. 50, no. 11, pp. 757-765, 2015.

S. Dong, H. Huo, Y. Mao, X. Li, and L. Dong, “A risk score
model for the prediction of osteosarcoma metastasis,” FEBS
Open Bio, vol. 9, no. 3, pp. 519-526, 2019.

13



	Pretreatment Prediction of Relapse Risk in Patients with Osteosarcoma Using Radiomics Nomogram Based on CT: A Retrospective Multicenter Study
	1. Introduction
	2. Materials and Methods
	2.1. Patients
	2.2. Image Acquisition, Segmentation, and Feature Extraction
	2.3. Radiomics Feature Selection and Construction of the Radiomics Signature
	2.4. Validation of the Radiomics Signature
	2.5. Construction and Assessment of the Radiomics Nomogram
	2.6. Statistical Analysis

	3. Results
	3.1. Clinical Characteristics
	3.2. Construction of the Radiomics Signature
	3.3. Validation of the Radiomics Signature
	3.4. Construction and Performance of the Radiomics Nomogram

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

