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A B S T R A C T

Introduction: Most studies recommend a treatment sequence involving neoadjuvant chemotherapy followed by 
surgery and adjuvant chemotherapy (NAC first) for osteosarcoma, yet direct comparisons with upfront surgery 
(surgery first) are lacking, and previous comparative analyses revealed no significant difference in overall sur
vival (OS) between the two strategies.
Materials and methods: Using the target trial emulation (TTE) framework and the Surveillance, Epidemiology, and 
End Results (SEER) database, we compared NAC first versus surgery first in patients with osteosarcoma. Pro
pensity score matching (PSM) and inverse probability of treatment weighting (IPTW) were employed to control 
for baseline confounding. The primary analysis aimed to estimate the intention-to-treat (ITT) effect to evaluate 
the comparative effectiveness of which initial treatment strategy is associated with a better prognosis.
Results: Among 831 eligible patients, 152 were assigned to the surgery-first group, and 679 were assigned to the 
NAC-first group. After PSM (121 pairs), the NAC-first group had significantly higher 5-year OS (77.7% [95% CI: 
70.6%–85.5%] versus 61.3% [95% CI: 53.0%–70.8%], p = 0.006) and an increased risk of death in the surgery- 
first group (HR = 1.907, 95% CI: 1.172–3.103; p = 0.009). ITT and per-protocol (PP) analyses consistently 
corroborated these findings. IPTW analysis of the entire cohort showed a non-significant trend toward improved 
survival with NAC first (HR = 1.084, 95% CI: 0.992–1.186; p = 0.076).
Conclusion: This study is the first to employ the TTE framework to compare treatment sequences for osteosar
coma. Our findings suggest that initiating treatment with NAC is associated with increased OS rates compared 
with initiating treatment with upfront surgery, providing empirical evidence that aligns with current recom
mendation in the National Comprehensive Cancer Network (NCCN) guidelines.

* Corresponding author. The First Affiliated Hospital of Sun Yat-sen University, No.58 Zhongshan II Road, Guangzhou, Guangdong Province, PR China. Guangdong 
Provincial Key Laboratory of Orthopedics and Traumatology, The First Affiliated Hospital of Sun Yat-Sen University, Guangzhou, Guangdong, China.

** Corresponding author. Department of Musculoskeletal Oncology, The First Affiliated Hospital of Sun Yat-sen University, No.58 Zhongshan II Road, Guangzhou, 
Guangdong Province, China.

E-mail addresses: zhonggd@mail2.sysu.edu.cn (G. Zhong), guhonglin@gdph.org.cn (H. Gu), huozj@mail.sysu.edu.cn (Z. Huo), zhumx9@mail2.sysu.edu.cn
(M. Zhu), Jgingold@gmail.com (J.A. Gingold), dung-fang.lee@uth.tmc.edu (D.-F. Lee), hgang@mail.sysu.edu.cn (G. Huang), shenjn@mail.sysu.edu.cn (J. Shen), 
tujian3@mail.sysu.edu.cn (J. Tu). 

1 Guodong Zhong, Honglin Gu and Zijun Huo contributed equally to this work.
2 Jingnan Shen and Jian Tu contributed equally as supervising authors.

Contents lists available at ScienceDirect

European Journal of Surgical Oncology

journal homepage: www.ejso.com

https://doi.org/10.1016/j.ejso.2026.111915
Received 13 March 2026; Received in revised form 19 May 2026; Accepted 29 May 2026  

European Journal of Surgical Oncology 52 (2026) 111915 

Available online 2 June 2026 
0748-7983/© 2026 Elsevier Ltd, BASO The Association for Cancer Surgery, and the European Society of Surgical Oncology. All rights are reserved, including those 
for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0001-6016-4494
https://orcid.org/0000-0001-6016-4494
mailto:zhonggd@mail2.sysu.edu.cn
mailto:guhonglin@gdph.org.cn
mailto:huozj@mail.sysu.edu.cn
mailto:zhumx9@mail2.sysu.edu.cn
mailto:Jgingold@gmail.com
mailto:dung-fang.lee@uth.tmc.edu
mailto:hgang@mail.sysu.edu.cn
mailto:shenjn@mail.sysu.edu.cn
mailto:tujian3@mail.sysu.edu.cn
www.sciencedirect.com/science/journal/07487983
https://www.ejso.com
https://doi.org/10.1016/j.ejso.2026.111915
https://doi.org/10.1016/j.ejso.2026.111915
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejso.2026.111915&domain=pdf


1. Introduction

Osteosarcoma, which is the most common primary malignant bone 
tumor, is highly aggressive and prone to pulmonary metastasis [1]. Since 
the introduction of chemotherapy in the 1970s [2], the overall survival 
(OS) rate for patients with localized osteosarcoma has increased from 
10–20% to 60–80% [3–6]. Currently, the guideline-recommended 
first-line treatment for osteosarcoma remains neoadjuvant chemo
therapy (NAC) followed by surgery and adjuvant chemotherapy [7]. 
However, the literature underlying these guideline-based recommen
dations primarily consists of studies demonstrating that different pre
operative NAC regimens and cycles can achieve relatively stable survival 
rates [8–13]. Yet, direct comparisons between a strategy of initial NAC 
followed by surgery (NAC first) and a strategy of immediate surgery 
(surgery first), both followed by adjuvant chemotherapy, are lacking.

Although direct comparisons between the two strategies exist, 
including one randomized controlled trial (RCT) and two retrospective 
studies, which generally reported no significant difference in OS, the 
evidence remains inconclusive. The pivotal RCT [14], while methodo
logically superior, was critically undermined by slow patient accrual 
and enrolled only 100 total patients but identified largely comparable 
results. As explicitly stated in the trial report, the original design of the 
study was amended and it ultimately lacked statistical power (only 63% 
power to detect a 15% inferior outcome) to reliably exclude a clinically 
significant difference in survival, thus limiting identification of clinically 
meaningful differences associated with either strategy. The largest 
retrospective cohort study [15], which identified over 700 patients, 
suggested the potential for improved OS with a surgery-first manage
ment approach. Retrospective analyses [15,16] are inherently limited by 
methodological concerns, including immortal time bias, selection bias, 
and residual confounding due to unmeasured factors, thereby preclud
ing a causal inference [17–19]. Consequently, the optimal sequence of 
therapy remains unresolved and inadequately addressed in the 
literature.

By explicitly designing studies to emulate a hypothetical randomized 
trial, target trial emulation (TTE) [20–22] offers a rigorous framework 
for causal inference from observational data. Its key advantages include 
preventing avoidable biases such as immortal time and selection bias 
through the alignment of eligibility, treatment assignment, and 
follow-up at time zero; addressing causal questions around actionable 
interventions; guiding appropriate confounder adjustment and analysis 
planning; and increasing interpretability through structured, 
protocol-driven emulation that increases the credibility and clinical 
relevance of observational findings.

As a method to address this evidence gap, we employed the TTE 
framework and the Surveillance, Epidemiology, and End Results (SEER) 
database to simulate an RCT, aiming to provide more robust and 
adequately powered evidence of comparative effectiveness.

2. Materials and methods

2.1. Data source

We obtained data from the SEER database [23]. Patient data were 
extracted using SEER*Stat software (version 9.0.41). The SEER 17 reg
istries (2000–2022), which cover approximately 26.5% of the U.S. 
population (based on the 2020 census), provide a broadly representative 
sample for cancer research. Follow-up data were available through the 
end of 2022.

2.2. Eligibility criteria

The inclusion criteria included (1) a pathologically confirmed diag
nosis of extremity osteosarcoma between 2007 and 2017 and (2) the 
initiation of either surgery or NAC within 90 days after diagnosis [15]. 
The year 2007 was selected as the starting point because comprehensive 

records regarding the sequence of treatment (NAC first versus surgery 
first) became available from that time onward. Furthermore, the use of 
this time frame ensured that all enrolled patients could have at least 5 
years of follow-up. Patients were excluded if they had incomplete data 
on tumor size or the time from the diagnosis to initial treatment or if 
they had concurrent or prior malignancies.

The variables collected in this study included age, sex, race and 
origin, year of diagnosis, tumor location, tumor size, histology, tumor 
stage, and surgical approach.

2.3. Assignment procedures

All eligible patients were assigned to one of the two treatment stra
tegies: those in the NAC-first group initiated NAC within 90 days after 
diagnosis, followed by surgery and adjuvant chemotherapy; those in the 
surgery-first group underwent surgery within 90 days after diagnosis, 
followed by adjuvant chemotherapy. All patients were followed from the 
time of enrollment (time zero) until death, loss to follow-up, or the end 
of the fifth year, whichever occurred first (Fig. 1). Critically, time zero 
was strictly defined as the date of diagnosis for all patients, regardless of 
which treatment strategy they ultimately received. This alignment of the 
survival clock at diagnosis—rather than at treatment initiation—is a 
foundational element of the TTE framework and is essential for pre
venting immortal time bias [20]. To ensure uniformity in recording and 
analysis, a standardized time unit was applied, with each month defined 
as 30 days and each year defined as 360 days.

2.4. Outcome

The primary outcome was 5-year OS, defined as the time from 
diagnosis until death from any cause, loss to follow-up, or until the end 
of the follow-up period, whichever occurred first.

2.5. Statistical analysis

For continuous variables, the normality of distribution was assessed 
using the Shapiro–Wilk test. Variables conforming to a normal distri
bution are presented as the means ± standard deviations (SDs), while 
those not conforming to a normal distribution are described as medians 
and interquartile ranges (IQRs). Categorical variables are summarized as 
frequencies and percentages.

This study commenced with an unadjusted preliminary analysis of 
the collected data, which included an OS analysis and multivariable Cox 
regression analysis. The primary analysis was conducted based on the 
intention-to-treat (ITT) principle to compare the effects of the treatment 
strategies assigned at baseline, regardless of whether individuals sub
sequently adhered to their assigned strategy.

Two distinct analytical methods were employed to address potential 
confounding and ensure comparability of the baseline characteristics 
between groups: propensity score matching (PSM) [24] and inverse 
probability of treatment weighting (IPTW) [25]. For PSM, nearest 
neighbor matching was performed at a 1:1 ratio with a caliper width of 
0.2 standard deviations of the propensity score logit. For IPTW, the in
verse probability of treatment weights was derived from propensity 
scores and stabilized by truncation at the 1st and 99th percentiles. The 
PSM-based ITT analysis of the matched cohort was pre-specified as the 
primary analysis for this study, as it provides an estimate of the average 
treatment effect on the treated (ATT) with optimal confounding control. 
The IPTW-based ITT analysis of the full cohort was pre-specified as a 
confirmatory analysis to assess the robustness of findings under an 
alternative weighting strategy and to utilize the full sample size. Balance 
was assessed using standardized mean differences (SMDs) and visualized 
in Love plots for both the PSM-adjusted cohort and the IPTW-adjusted 
cohort, with SMD values less than 0.1 indicating adequate balance. 
Both approaches were subsequently incorporated into a 
clone-censor-weighting (CCW) framework [20] to avoid immortal time 
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bias. In this step, the inverse probability of censoring weights (IPCW) 
[26], which was truncated at the 1st and 99th percentiles, was applied to 
further adjust for informative censoring. Following these adjustments, 
Kaplan‒Meier (KM) curves were constructed from the weighted pop
ulations to visualize survival distributions, and weighted Cox propor
tional hazards models were established via data fitting for statistical 
inference. However, as standard log-rank p-values are not routinely re
ported for weighted survival curves because of methodological limita
tions, formal hypothesis testing was performed using weighted Cox 
proportional hazards models rather than through a direct comparison of 
the weighted Kaplan‒Meier estimates.

In addition, a per-protocol (PP) effect analysis was performed to 
evaluate the biological effect under ideal conditions by including only 
those patients who strictly adhered to the assigned treatment strategy 
throughout the study period. The PP analysis was defined from the start 
of treatment rather than the time of enrollment. This analysis provides 
insights into the efficacy of each strategy when implemented as origi
nally intended while also reducing bias related to treatment delays or 
nonadherence.

Finally, subgroup analyses were performed on the basis of the ITT 
population to assess the consistency of the treatment effect between 
NAC first and surgery first across various patient subsets. These analyses 
were pre-specified as exploratory and were intended to generate hy
potheses regarding potential effect modification. Subgroups were 
defined based on the following covariates: age, sex, race and ethnicity, 
year of diagnosis, primary tumor site, tumor size, histology, disease 
stage, and surgical approach. Specifically, age was categorized as 0–10 
years, 10–20 years, and >20 years, and tumor size was classified into 
five groups: 0–50 mm, 51–100 mm, 101–150 mm, 151–200 mm, and 
>200 mm.

To assess the potential impact of unmeasured confounding on the 
primary results, we calculated the E-value for the observed hazard ratios 
[27]. The E-value quantifies the minimum strength of association that an 
unmeasured confounder would need to have with both the treatment 
assignment and the outcome to fully explain away the observed asso
ciation, conditional on the measured covariates.

All the statistical analyses and data visualization were performed 
using R software (version 4.4.0), and the final figures were refined with 
Adobe Illustrator 2024 for enhanced clarity and presentation. A p value 
of less than 0.05 was considered to indicate statistical significance.

3. Results

3.1. Patient characteristics

A total of 831 patients were included in this study, with 152 in the 
surgery-first group and 679 in the NAC-first group (Table 1). The 
baseline characteristics of the two groups were imbalanced. Patients in 
the surgery-first group were older (median age: 32 years vs. 14 years, 
p = 0.000) and had smaller tumors (median size: 91 mm vs. 99 mm, 
p = 0.009); moreover, differences were observed in tumor histology 
(p = 0.000) and the surgical approaches employed (p = 0.001). The 
median time from diagnosis to treatment initiation was 11.5 days (IQR: 
0–26.25) in the surgery-first group and 13 days (IQR: 8–22) in the NAC- 
first group. All patients initiated their assigned treatment strategy within 
the 90-day eligibility window (Table S1).

Fig. 1. Schematic illustration of the target trial emulation (TTE) framework using clone-censor-weighting (CCW). At time zero (date of diagnosis), each eligible 
patient is conceptually cloned into two identical copies. One clone is assigned to the NAC-first strategy, and the other to the Surgery-first strategy. Both clones are 
followed forward in time from time zero. If the actual patient's treatment trajectory deviates from a clone's assigned strategy, that clone is artificially censored at the 
time of deviation. Inverse probability of censoring weighting (IPCW) is applied to adjust for potential selection bias introduced by this artificial censoring. The overall 
survival (OS) is assessed at 5 years from time zero. This framework ensures that immortal time bias is avoided, as the survival clock starts at diagnosis for both 
strategies, and deaths occurring during the pretreatment window are appropriately attributed to both arms in the intention-to-treat (ITT) analysis.
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3.2. Assessment of the treatment effect via the PSM method

3.2.1. Construction of the PSM cohort
We first employed PSM to balance the intergroup differences. After 

1:1 matching, a total of 121 matched pairs were retained. The baseline 
characteristics of the matched cohort were generally well balanced, with 
all p values exceeding 0.05 (Table 2). Balance diagnostics are presented 
in the Love plot (Fig. S1A). Before matching, substantial imbalances 
were observed. After 1:1 propensity score matching, the SMDs for most 
covariates were reduced to below the conventional threshold of 0.1, 
while a small number slightly exceeded this threshold, which may be 
attributed to the substantial baseline imbalance prior to matching 
(Table S2). These results indicate that the baseline characteristics were 
adequately balanced and that the groups were comparable for 

subsequent comparative analyses.

3.2.2. Initial analysis of the matched cohort
The survival analysis revealed that the 5-year OS rates were 77.7% 

(95% confidence interval [CI]: 70.6%–85.5%) in the NAC-first group 
and 61.3% (95% CI: 53.0%–70.8%) in the surgery-first group, and the 
difference was statistically significant (p = 0.006) (Fig. 2A). According 
to the Cox proportional hazards model, the surgery-first group exhibited 
a significantly higher risk of death than the NAC-first group (hazard 
ratio [HR] = 1.907, 95% CI: 1.172–3.103; p = 0.009), indicating a 
90.7% increase in the mortality risk for patients who received surgery 
first (Table S3, Fig. 2B).

3.2.3. ITT analysis
In the ITT analysis, the 5-year OS rates were 71.7% (95% CI: 66.1%– 

77.7%) in the NAC-first group and 68.4% (95% CI: 62.6%–74.8%) in the 
surgery-first group (Fig. 2C). Compared with the NAC-first group, the 
surgery-first group had a significantly higher risk of death (HR = 1.119, 
95% CI: 1.021–1.226; p = 0.017), corresponding to an 11.9% increase in 
the mortality risk (Table S3, Fig. 2D).

For the primary ITT analysis (HR = 1.119), the calculated E-value 
was 1.48 (lower 95% CI bound E-value: 1.16). This suggests that to fully 
explain away the observed association, an unmeasured confounder 
would need to increase the likelihood of upfront surgery and the risk of 
death by approximately 50%, conditional on measured covariates.

3.2.4. PP sensitivity analysis
The KM curve (Fig. 2E) showed that the per-protocol 5-year OS rates 

were 77.1% (95% CI: 69.9%–85.1%) in the NAC-first group and 64.2% 
(95% CI: 54.8%–75.1%) in the surgery-first group, and the difference 

Table 1 
Baseline characteristics of the patients enrolled in this study.

Variable Total 
(n = 831)

Surgery First 
(n = 152)

NAC First 
(n = 679)

P 
value

Age (median, 
IQR)

15 (12–20) 32 (16.75–47.25) 14 (11–18) 0.000

Sex (n, %) ​ ​ ​ 0.401
Male 497 

(59.8%)
96 (63.2%) 401 (59.1%) ​

Female 334 
(40.2%)

56 (36.8%) 278 (40.9%) ​

Race and origin 
(n, %)

​ ​ ​ 0.940

Hispanic 263 
(28.4%)

45 (29.6%) 218 (32.1%) ​

NHW 359 
(43.2%)

68 (44.7%) 291 (42.9%) ​

NHB 110 
(13.2%)

20 (13.2%) 90 (13.3%) ​

Other 99 (11.9%) 19 (12.5%) 80 (11.8%) ​
Year of diagnosis 

(n, %)
​ ​ ​ 0.126

2007–2009 209 
(25.2%)

49 (32.2%) 160 (23.6%) ​

2010–2012 212 
(25.5%)

33 (21.7%) 179 (26.4%) ​

2013–2015 247 
(29.7%)

45 (29.6%) 202 (29.7%) ​

2016–2017 163 
(19.6%)

25 (16.4%) 138 (20.3%) ​

Location (n, %) ​ ​ ​ 0.789
Lower limb 699 

(84.1%)
133 (87.5%) 566 (83.4%) ​

Upper limb 132 
(15.9%)

29 (19.1%) 113 (16.6%) ​

Size (median, 
IQR)

97 
(72–130)

91 (60.0–120.5) 99 (75–133) 0.009

Histology (n, %) ​ ​ ​ 0.000
Conventional 559 

(67.3%)
83 (54.6%) 476 (70.1%) ​

Chondroblastic 121 
(14.6%)

22 (14.5%) 99 (14.6%) ​

Other 151 
(18.2%)

47 (30.9%) 104 (15.3%) ​

Stage a (n, %) ​ ​ ​ 0.603
I–II 625 

(75.2%)
119 (78.3%) 506 (74.5%) ​

III–IV 165 
(19.9%)

27 (17.8%) 138 (20.3%) ​

Unknown 41 (4.9%) 6 (3.9%) 35 (5.2%) ​
Surgery (n, %) ​ ​ ​ 0.001
Limb salvage 617 

(74.2%)
110 (72.4%) 507 (74.7%) ​

Amputation 207 
(24.9%)

37 (24.3%) 170 (25.0%) ​

Unknown 7 (0.8%) 5 (3.3%) 2 (0.3%) ​

NAC, neoadjuvant chemotherapy; IQR, interquartile range; NHW, non-Hispanic 
white; NHB, non-Hispanic black.

a American Joint Committee on Cancer (AJCC) Staging System.

Table 2 
Baseline characteristics of patients enrolled in the study (PSM 1:1).

Variable Total 
(n = 242)

Surgery First 
(n = 121)

NAC First 
(n = 121)

P 
value

Age (median, 
IQR)

21 
(15–40.75)

26 (15–38) 18 (15–42) 0.370

Sex (n, %) ​ ​ ​ 0.599
Male 147 (60.7%) 76 (62.8%) 71 (58.7%) ​
Female 95 (39.3%) 45 (37.2%) 50 (41.3%) ​
Race and origin 

(n, %)
​ ​ ​ 0.915

Hispanic 76 (31.4%) 38 (31.4%) 38 (31.4%) ​
NHW 104 (43.0%) 54 (44.6%) 50 (41.3%) ​
NHB 27 (11.2%) 12 (9.9%) 15 (12.4%) ​
Other 35 (14.5%) 17 (14.0%) 18 (14.9%) ​
Year of diagnosis 

(n, %)
​ ​ ​ 0.809

2007–2009 79 (32.6%) 36 (29.8%) 43 (35.5%) ​
2010–2012 53 (21.9%) 27 (22.3%) 26 (21.5%) ​
2013–2015 70 (28.9%) 37 (30.6%) 33 (27.3%) ​
2016–2017 40 (16.5%) 21 (17.4%) 19 (15.7%) ​
Location (n, %) ​ ​ ​ 0.853
Lower limb 208 (86.0%) 105 (86.8%) 103 (85.1%) ​
Upper limb 34 (14.0%) 16 (13.2%) 18 (14.9%) ​
Size (median, 

IQR)
90 
(67.25–120)

96 (67–120) 87 (68–115) 0.621

Histology (n, %) ​ ​ ​ 0.725
Conventional 136 (56.2%) 69 (57.0%) 67 (55.4%) ​
Chondroblastic 33 (13.6%) 18 (14.9%) 15 (12.4%) ​
Other 73 (30.2%) 34 (28.1%) 39 (32.2%) ​
Stage (n, %) ​ ​ ​ 0.477
I–II 201 (83.1%) 97 (80.2%) 104 (86.0%) ​
III–IV 32 (13.2%) 19 (15.7%) 13 (10.7%) ​
Unknown 9 (3.7%) 5 (4.1%) 4 (3.3%) ​
Surgery (n, %) ​ ​ ​ 0.642
Limb salvage 186 (76.9%) 90 (74.4%) 96 (79.3%) ​
Amputation 52 (21.5%) 29 (24.0%) 23 (19.0%) ​
Unknown 4 (1.7%) 2 (1.7%) 2 (1.7%) ​

NAC, neoadjuvant chemotherapy; IQR, interquartile range; NHW, non-Hispanic 
white; NHB, non-Hispanic black.
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between the groups was statistically significant (p = 0.018). Cox 
regression analysis revealed a significantly increased risk of death in the 
surgery-first group compared with the NAC-first group (HR = 1.785, 
95% CI: 1.054–3.022; p = 0.031) (Table S3, Fig. 2F).

3.2.5. Subgroup analysis
In the overall study population, the surgery-first regimen was asso

ciated with a significantly increased risk of death compared with the 
NAC-first regimen. We performed a total of nine subgroup analyses to 
identify potential modifiers of the effect. These exploratory analyses 
revealed a nominal interaction by sex (p for interaction = 0.034), with 
the point estimate for the HR suggesting a more pronounced increase in 
risk observed among male patients but not among female patients 
(Fig. S2). However, given the multiple subgroup comparisons performed 
and the absence of multiplicity adjustment, this finding may represent a 
Type I error and should be interpreted with extreme caution. No sig
nificant interactions were observed for any other baseline characteristics 

examined. The consistency of the overall treatment effect across most 
subgroups supports the robustness of the primary findings, but the 
observed sex-specific difference requires validation in independent co
horts before any clinical inferences can be drawn. For all other sub
groups, although the 95% CIs for the HRs crossed 1 in some analyses, 
indicating nonsignificant differences in OS within those specific sub
groups, no significant interactions were found (Fig. S2). This pattern 
implies that the treatment effect is largely consistent across these sub
groups and that the observed variations are more likely attributable to 
limited statistical power or random chance rather than to true hetero
geneous treatment effects.

3.3. Confirmatory analysis using IPTW

3.3.1. Unadjusted preliminary analysis
We initially performed an analysis using the unadjusted data, which 

included the KM and multivariable Cox regression analyses. The KM 

Fig. 2. Assessment of the treatment effect using propensity score matching (PSM) to address potential confounding bias. Analyses included an initial analysis of the 
matched cohort (A, B), intention-to-treat (ITT) analysis (C, D), and per-protocol (PP) analysis as a sensitivity analysis (E, F).
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curve showed a 5-year OS rate of 68.2% (95% CI: 64.7%–71.8%) for the 
NAC-first group, whereas it was 59.7% (95% CI: 52.3%–68.2%) for the 
surgery-first group (p = 0.032) (Fig. S3A). The Cox proportional hazards 
model results indicated an HR of 1.359 (95% CI: 0.969–1.907) for the 
surgery-first group compared with the NAC-first group, with a p value of 
0.076 (Table S4, Fig. S3B).

3.3.2. ITT analysis
We applied IPTW to adjust for intergroup imbalances and used CCW 

to account for immortal time bias. The Love plot (Fig. S1B) showed an 
adequate balance of baseline characteristics after weighting, with an 
SMD less than 0.1 for all covariates (Table S2). After adjustment, the 5- 
year OS rate was marginally higher in the NAC-first group (66.1%, 95% 
CI: 61.4%–71.2%) than in the surgery-first group (64.6%, 95% CI: 
58.4%–71.6%) (Fig. S3C). The adjusted multivariable Cox regression 
results suggested a trend toward an increased risk of death in the 
surgery-first group compared with the NAC-first group (HR = 1.084, 
95% CI: 0.992–1.186; p = 0.076) (Table S4, Fig. S3D).

3.3.3. PP sensitivity analysis
A PP analysis was performed to assess the treatment effect under 

ideal conditions. The KM curve showed a lower 5-year OS rate in the 
surgery-first group (65.2%, 95% CI: 54.0%–78.7%) than in the NAC-first 
group (69.3%, 95% CI: 65.5%–73.2%) (Fig. S3E). Similarly, compared 
with the NAC-first group, the surgery-first group exhibited a numerically 
greater, but not statistically significant, risk of death (HR = 1.367, 95% 
CI: 0.878–2.128; p = 0.166), corresponding to a 36.7% increase in 
mortality risk (Table S4, Fig. S3F).

3.3.4. Subgroup analysis
In the overall study population, all three analytical approaches 

(unadjusted, ITT, and PP) yielded HR point estimates greater than 1, 
consistently indicating a trend toward an increased risk of death in the 
surgery-first group. Although the 95% CIs included the null value 
(HR = 1) in each case, suggesting nonsignificant trends, the primary ITT 
analysis revealed a borderline significant result (p = 0.076). In the same 
nine subgroup analyses, none of the interactions between treatment 
strategies and baseline characteristics were statistically significant (all p 
values for interaction >0.05), indicating that the observed trend of an 
increased risk associated with the surgery-first strategy was generally 
consistent across all the subgroups (Fig. S4).

3.4. Systematic literature review and integration of the evidence

Currently, for patients with high-grade osteosarcoma, the NCCN 
guidelines still recommend a treatment strategy consisting of NAC fol
lowed by wide excision and subsequent adjuvant chemotherapy as the 
optimal approach (“Category 1 On the basis of high-level evidence, there 
is uniform NCCN consensus that the intervention is appropriate”) [7].

However, none of the studies cited by the NCCN guidelines directly 
compare the difference in survival outcomes between these two treat
ment strategies.

In contrast, all three existing studies in which survival was directly 
compared between the two strategies did not demonstrate superior 
overall survival in patients who received NAC than in those who un
derwent immediate surgery (Table 3). In an RCT [14], the 5-year OS was 
79% in the surgery-first group and 76% in the NAC-first group (p = 0.6). 
A study by Xu et al. [16]. Focusing on nonmetastatic high-grade pelvic 
osteosarcoma also revealed that patients who received delayed surgery 
after NAC did not experience a survival benefit compared with those 
who received immediate surgery followed by adjuvant chemotherapy. 
The 5-year OS was 43% in the NAC-first group and 40% in the 
surgery-first group (p = 0.709). Another retrospective study utilizing the 
SEER database analyzed 5-year OS in patients aged 5 to 29 years with 
extremity osteosarcoma [15]. Surprisingly, the results indicated a sur
vival advantage in the surgery-first group compared with the NAC-first 

group (74.1% vs. 67.2%).
Collectively, these findings suggest that for both patients with pelvic 

and extremity osteosarcoma, the NAC-first strategy was not associated 
with a better prognosis compared with the surgery-first approach, which 
is inconsistent with the recommendations in the current NCCN 
guidelines.

4. Discussion

The NCCN osteosarcoma guidelines currently recommend a strategy 
of chemotherapy followed by surgery. For this reason, an RCT 
comparing the outcomes of osteosarcoma patients who undergo surgery 
first versus NAC is particularly ethically and logistically challenging to 
complete, in addition to being particularly costly and often slow. 
[28–30]. For certain rare diseases, participant recruitment also presents 
considerable challenges and could even lead to early termination of the 
study [31].

The TTE study approach provides a robust framework for estimating 
causal effects from observational data by explicitly designing studies to 
replicate a hypothetical RCT [32] and overcome the ethical, financial 
and logistical constraints encountered in true RCTs. Unlike conventional 
retrospective studies [33], which are frequently susceptible to avoidable 
methodological flaws, the TTE framework mandates the prespecification 
of key trial components such as eligibility criteria, treatment strategies, 
and a clear time zero. This rigorous structure proactively addresses and 
mitigates common sources of bias, such as immortal time bias and se
lection bias. By aligning the observational analysis with the principles of 
randomized study design, TTE significantly increases the quality and 
credibility of causal inference from nonexperimental data [34].

This study used a large observational database (the SEER 17 regis
tries) within a TTE framework to address the question of whether a 
difference in 5-year OS of osteosarcoma patients exists between surgery- 
first and NAC-first strategies. After applying PSM to control for con
founding variables, the ITT analysis based on the matched cohort 
showed a significantly increased risk of death in the surgery-first group 
(p = 0.017). The sensitivity analyses yielded consistent results. Sub
group analyses revealed that the surgery-first strategy was associated 
with significantly worse survival across all subgroups except among 
female patients, for whom no significant difference was observed.

Additionally, IPTW was used to balance baseline characteristics be
tween groups. The primary ITT analysis indicated a higher risk of death 
in the surgery-first group than in the NAC-first group. Although this 
difference did not reach statistical significance, a consistent trend was 
observed. These findings were further supported by the results of mul
tiple subgroup analyses.

In summary, we attempted to emulate a target trial using observa
tional data, adhering as closely as possible to its key design component 
[35,36]. Therefore, these findings represent a methodological 
improvement over conventional retrospective studies, although causal 
inference remains limited [18,37,38]. The results provide supportive 
evidence supporting the current NCCN guidelines recommending NAC 

Table 3 
Comparison of 5-year OS between patients with osteosarcoma who received 
NAC first and those who received surgery first.

Research type NAC First Surgery First P 
value

References

N 5-year 
OS

N 5-year 
OS

RCT 45 76% 55 79% 0.6 Goorin et al. 
(2003)

Retrospective 
study

56 43% 33 40% 0.709 Xu et al. 
(2019)

Retrospective 
study

725 67.2% 67 74.1% NA Danese et al. 
(2025)

OS, overall survival; NAC, neoadjuvant chemotherapy; N, number of patients; 
RCT, randomized controlled trial; NA, not applicable.
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prior to surgery.
Our observation of a significant survival advantage with NAC-first in 

the PSM overlap cohort contrasts with the null findings of the only 
randomized controlled trial to date (POG-8651) [14] and a recent 
comprehensive meta-analysis [39] of 25 studies involving 4867 pa
tients. In POG-8651, the 5-year event-free survival was 69% for imme
diate surgery versus 61% for presurgical chemotherapy (p = 0.8), 
leading the authors to conclude that there was no advantage for pre
surgical chemotherapy. Similarly, the meta-analysis reported a pooled 
risk ratio for OS of 1.09 (95% CI: 0.95–1.24; p = 0.225), indicating no 
statistically significant difference between strategies.

Several factors may explain the discrepancy between these prior 
reports and our findings. First, the POG-8651 trial, despite its method
ological rigor as an RCT, was critically underpowered. As explicitly 
stated in the original trial report, the study had only 63% power to 
detect a 15% absolute difference in outcome, meaning that a clinically 
meaningful benefit of NAC could not be reliably excluded. Second, the 
meta-analysis pooled studies with substantial heterogeneity in treat
ment eras, chemotherapeutic protocols, and analytical methods. The 
majority of included observational studies did not employ methods to 
address immortal time bias, which is inherent to comparisons of se
quences where one strategy involves a delay to definitive surgery. Our 
application of the TTE framework with CCW specifically mitigates this 
bias, potentially revealing a signal that was attenuated in prior analyses.

The clinical rationale for NAC-first is well established: early systemic 
therapy may eradicate micrometastases, the preoperative interval per
mits surgical planning and prosthesis customization, tumor shrinkage 
can facilitate complete resection with clearer margins, and the degree of 
chemotherapy-induced necrosis provides prognostic information that 
can guide adjuvant therapy decisions [3,40–43].

However, this study exhibits several limitations. First, the SEER 
database lacks data on specific chemotherapy regimens and cycles. 
Although regimens have remained largely stable over the study period 
[1,5,7,44–49], we cannot exclude confounding by differences in 
chemotherapy intensity or composition, which constitutes a source of 
potential residual confounding. Second, SEER does not capture local 
recurrence or distant metastasis, limiting the evaluation of event-free 
survival; therefore, we intentionally focused on overall survival as a 
reliable, patient-centric endpoint.

The primary ITT HR of 1.119 represents a modest effect (~12% 
relative mortality increase), which may still be clinically meaningful 
given the survival plateau in osteosarcoma [1,6], where even small gains 
(improved 6-year overall survival by 8 absolute percentage points) have 
been considered practice-changing [46]. Notably, this estimate is sub
stantially smaller than the crude HR of 1.907 from the PSM-matched 
cohort without full CCW adjustment, illustrating the attenuation ach
ieved by the TTE framework. We therefore caution that the effect sizes 
should not be interpreted as evidence of a large treatment effect but 
rather as observational support for the existing NCCN guideline.

Confounding by indication remains an inherent limitation, as SEER 
lacks data on performance status, comorbidities, and clinical reasoning 
behind treatment selection. For example, patients with contraindica
tions to methotrexate may be preferentially triaged to upfront surgery 
and have a worse prognosis. The E-value of 1.48 underscores this 
vulnerability, indicating that an unmeasured confounder increasing 
both the odds of upfront surgery and the hazard of death by approxi
mately 50% could nullify the point estimate.

Given the observational design, our estimates should be interpreted 
as the association under the assumptions of no unmeasured confounding 
and correct model specification, rather than definitive causal effects. 
Nevertheless, several considerations support the credibility of our 
findings. First, the IPTW analysis of the full cohort yielded a consistent 
trend (HR = 1.084). Second, the PP analysis suggests that among those 
who actually completed assigned strategies, the benefit was more pro
nounced. Third, biological plausibility favors NAC: early eradication of 
micrometastases and improved surgical margins are well-established 

mechanisms. Given the low probability of future RCTs, these observa
tional findings represent the best available evidence to guide clinical 
decision-making, albeit with the explicit caveat that unmeasured con
founding cannot be fully excluded.

5. Conclusion

Our analysis showed that initiating treatment with NAC was asso
ciated with significantly increased OS rates compared with initiating 
treatment with upfront surgery after statistical adjustment within a TTE 
design. By mitigating biases inherent in prior observational designs, 
these findings provide more robust evidence favoring the current NCCN- 
recommended strategy of NAC-first. While residual confounding cannot 
be fully excluded in the absence of randomization, this analysis suggests 
a strong association between initiating NAC and improved long-term 
survival.
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