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Summary
Background Current surveillance modalities of osteosarcoma relapse exhibit limited sensitivity and specificity.
Although circulating tumor DNA (ctDNA) has been established as a biomarker of minimal residual disease (MRD) in
many solid tumors, a sensitive ctDNA detection technique has not been thoroughly explored for longitudinal MRD
detection in osteosarcoma.

Methods From August 2019 to June 2023, 59 patients diagnosed with osteosarcoma at the First Affiliated Hospital of
Sun Yat-sen University were evaluated in this study. Tumor-informed MRD panels were developed through whole
exome sequencing (WES) of tumor tissues. Longitudinal blood samples were collected during treatment and
subjected to multiplex PCR-based next-generation sequencing (NGS). Kaplan–Meier curves and Log-rank tests
were used to compare outcomes, and Cox regression analysis was performed to identify prognostic factors.

Findings WES analysis of 83 patients revealed substantial mutational heterogeneity, with non-recurrent mutated
genes accounting for 58.1%. Tumor-informed MRD panels were successfully obtained for 85.5% of patients (71/
83). Among 59 patients with successful MRD panel customization and available blood samples, 13 patients
exhibited positive ctDNA detection after surgery. Patients with negative post-operative ctDNA had better event-free
survival (EFS) compared to those with positive ctDNA, at 1–6 months after surgery, after adjuvant chemotherapy,
and more than 6 months after surgery (p < 0.05). In both univariate and multivariate Cox regression analysis,
ctDNA results emerged as a significant predictor of EFS (p < 0.05). ctDNA detection preceded positive imaging in
5 patients, with an average lead time of 92.6 days. Thirty-nine patients remained disease-free, with ctDNA results
consistently negative or turning negative during follow-up.

Interpretation Our study underscores the applicability of tumor-informed deep sequencing of ctDNA in osteosarcoma
MRD surveillance and, to our knowledge, represents the largest cohort to date. ctDNA detection is a significant
prognostic factor, enabling the early identification of tumor relapse and progression compared to standard
imaging, thus offering valuable insights in guiding osteosarcoma patient management.
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Research in context

Evidence before this study
Current radiological modalities lack the requisite sensitivity
and specificity in identifying osteosarcoma relapse. Circulating
tumor DNA (ctDNA) is increasingly being implemented in
cancer screening and recurrence surveillance as a noninvasive
liquid biopsy, but it remains inadequately explored whether
ctDNA detection can reflect minimal residual disease (MRD) in
osteosarcoma.

Added value of this study
Due to the pronounced mutational heterogeneity of
osteosarcoma, we utilized a tumor-informed ctDNA panel
approach to investigate its applicability in MRD surveillance in
59 osteosarcoma patients. Patients with negative post-
operative ctDNA had better event-free survival (EFS)

compared to those with positive ctDNA, at 1–6 months after
surgery, after adjuvant chemotherapy, and more than 6
months after surgery (p all <0.05). In both univariate and
multivariate Cox regression analysis, ctDNA results emerged
as a significant predictor of EFS (p all <0.05).

Implications of all the available evidence
Our study highlights the clinical relevance and applicability of
tumor-informed deep sequencing of ctDNA for MRD
surveillance in osteosarcoma patients, presenting the largest
cohort to our knowledge. The strategic application of ctDNA
sequencing holds promise for improved patient monitoring,
allowing for timely interventions and potentially enhancing
outcomes in osteosarcoma management.
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Introduction
Osteosarcoma is the most common primary bone ma-
lignancy in children and adolescents.1 Despite the
deepened biological understanding of osteosarcoma and
the introduction of new treatment modalities, the 5-year
overall survival rate of osteosarcoma have plateaued for
several decades. It remains at 60–70% for localized
disease and only 20–30% for metastatic disease.2 Dis-
ease monitoring with high sensitivity and minimal
harm remains challenging with current surveillance
methods. Although computed tomography (CT) and
magnetic resonance imaging (MRI) are widely adopted,
they lack the requested sensitivity and specificity, and no
universally accepted and reliable predictive biomarkers
of relapse have been established for osteosarcoma.3,4

Circulating tumor DNA (ctDNA) detection based on
next-generation sequencing (NGS) is increasingly
employed to monitor minimal residual disease (MRD)
in various cancers, including acute myeloid leukemia
(AML), breast cancer, and lung cancer.5–7 As a highly
sensitive liquid biopsy methodology, NGS-based ctDNA
detection can enable the identification of tumor relapse
earlier than traditional radiological examinations,
thereby facilitating prompt treatment decisions.8–10

Currently, two major designs of ctDNA panels exist:
tumor-agnostic assays and tumor-informed (bespoke)
assays.11,12 Tumor-agnostic assays utilize an “off-the-
shelf” uniform panel and are more widely adopted in
AML and lung cancer, where patients harbor a limited
set of mutated genes.13 However, due to the high het-
erogeneity of somatic mutations in osteosarcoma,14,15

the use of a tumor-agnostic MRD panel would
compromise sensitivity, leading to reduced sequencing
depth and overlooking unique somatic variants. Addi-
tionally, whole genome sequencing (WGS) has been
investigated as an alternative approach for detecting
ctDNA in osteosarcoma, Ewing sarcoma, and
rhabdomyosarcoma.16–18 Nevertheless, the application of
WGS in longitudinal MRD detection remains chal-
lenging due to its relatively high sequencing cost and
lower sensitivity, compared to NGS-based ctDNA panel
detection. There is no standardized strategy for MRD
detection in osteosarcoma, and its implementation is
still in its nascent stages.

Tumor-informed assays, based on the mutations
existing in the tumor tissue, enable deep sequencing
targeting known mutations and MRD detection, which
has been validated across multiple solid tumors.19–21 To
address the challenges of MRD surveillance in osteo-
sarcoma, we utilized a tumor-informed ctDNA panel
approach to investigate its predictive capability for tu-
mor relapse in a prospective collection of blood and
tissue samples.
Methods
Study design and patient enrollment
This study was carried out at the Department of
Musculoskeletal Oncology, the First Affiliated Hospital
of Sun Yat-sen University. Patients who were diagnosed
with osteosarcoma between August 2019 and June 2023
and whose primary tumor samples were sent for whole
exome sequencing were included for this study. Exclu-
sion criteria comprised failure of MRD panel custom-
ization and absence of collected and sequenced blood
samples.

The primary tumor tissues of patients were
collected through biopsy or surgical resection. The
peripheral blood samples of patients were collected at
various timepoints: 1) at diagnosis before neoadjuvant
chemotherapy; 2) during/after neoadjuvant chemo-
therapy before surgery; 3) within 1 month after
www.thelancet.com Vol 73 July, 2024
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surgery, before adjuvant chemotherapy; 4) during/after
adjuvant chemotherapy.

Somatic mutation identification in tumor tissues
and blood samples
Tumor-specific somatic single nucleotide variants
(SNVs) were identified through whole exome
sequencing (WES) of tumor tissue (sequencing depth:
>300×) and matched germline DNA (sequencing depth:
>100×), conducted by OrigiMed in Shanghai, China.
The quality control protocol for WES included an
assessment of tumor purity, specifying that the
neoplastic fraction must constitute at least 10% of the
total cellular composition. The OriSelector algorithm
was employed to select 16 clonal SNVs based on
PyClone,22 which informed the customization of the
MRD panel. Pathogenic clonal SNVs were first enter
into the panel, and if the number is less than 16, vari-
ants of unknown significance (VUS) were selected.
Then the primers targeting these clonal SNVs were
designed and the length of amplicon was around 100
base pairs.

For those patients with successful MRD panel cus-
tomization, their peripheral blood was collected in
Streck tubes and further processed for extraction of cell-
free DNA (cfDNA) with the QIAamp Circulating Nu-
clear Acid Kit (QIAGEN, Venlo, Netherlands). Multiplex
polymerase chain reaction (PCR) was performed using
NEBNext Ultra II Q5 Master Mix (New England Biolabs,
Inc., MA, USA), followed by library construction with
the VAHTS® Universal DNA Library Prep Kit for Illu-
mina V3 (Nanjing Vazyme Biotech Co. Ltd., Nanjing,
China). Sequencing was carried out on a NovaSeq 6000
sequencer (Illumina Inc., CA, USA) at a depth of
>100,000×. A noise filtration step was incorporated to
systematically eliminate interference, such as germline
mutations and clonal hematopoietic variations, origi-
nating from the DNA of hematopoietic cells. Then
molecular tracking and variant calling for SNVs were
performed. If 3 or more variants were detected in a
sample, it was considered ctDNA positive, which indi-
cated the presence of MRD. The detection limit for
variant allele frequency (VAF) is as low as 0.01%, with
an input range of 25–100 ng DNA from an 8–20 ml
blood sample. Mean tumor molecules per ml of plasma
(MTM/ml) was calculated for patients with positive
ctDNA results: MTM/ml = VAF * cfDNA * 1000/(3.3*
plasma volume).23

Treatment and follow-up
Patients were treated with neoadjuvant chemotherapy,
surgical resection, and adjuvant therapy sequentially.
Patients received 2–4 rounds of neoadjuvant chemo-
therapy (n = 55) and then surgery (n = 59). 2–4 weeks
after surgery, the patients received adjuvant therapy if
no complications were noted. AJCC 8th classification
system was used for patient staging.24 Tumor necrosis
www.thelancet.com Vol 73 July, 2024
score was evaluated in the tumor after surgery, based on
the Huvos classification.25 Imaging follow-up (MRI on
surgical site and chest CT) was performed after surgery
every 3–6 months.

Ethics statement
This study was approved by the institutional ethics
committee for Clinical Research and Animal Trials of
the First Affiliated Hospital of Sun Yat-sen University
(approval ID: [2023]568). All patients included provided
written informed consent.

Statistical analysis
Event-free survival (EFS) was calculated from the date of
surgical resection to the date of radiologically verified
tumor relapse (recurrence/metastasis), progression (for
patients with metastasis at diagnosis) or death.
Censorship was defined as no tumor relapse, progres-
sion, or death at last follow-up. Kaplan–Meier curves
and Log-rank tests were used to compare outcomes. Cox
regression analysis was performed to identify prognostic
factors among age, sex, necrosis score, tumor stage, and
postoperative ctDNA status. Nomogram was con-
structed based on the Cox regression prognostic model.
Receiver operating characteristic curve (ROC) and area
under the ROC curve (AUC) value were used to evaluate
the performance of the prognostic model. Sensitivity,
specificity, accuracy, positive predictive value, and
negative predictive value were calculated to evaluate the
performance of ctDNA detection. Lead time was defined
as the time from first postoperative positive ctDNA
sample to tumor relapse or progression verified by
radiological examination. Statistical analyses were per-
formed using the R software (version: 4.3.1) and a two-
sided p value < 0.05 was considered statistically
significant.

Role of funding source
The funding source of this study had no role in study
design, data collection, data analysis, or manuscript
preparation. All authors read, discussed, and approved
the final version of the manuscript. The co-
corresponding authors (J.Y. and J.S.) had full access to
all the data in the study. All authors had the final re-
sponsibility for the decision to submit the manuscript
for publication.
Results
Clinical characteristics and mutation landscape
The study design and patient enrollment are illustrated
in Fig. 1A. Analysis of the WES results from 83 patients
revealed that 58.1% (5212/8971, Fig. 1B) of mutated
genes were shared by no more than one patient, and
variants in 96.4% (17821/18486) of mutated genes were
VUS. Additionally, 53.4% (149/279) of pathogenic
mutated genes were shared by no more than one patient
3
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Fig. 1: Study design and mutation distribution. (A) Study flowchart of enrollment process and treatment scheme. (B) Percentage of somatic
variants/pathologic somatic variants shared among different numbers of patients in 83 osteosarcoma patients. (C) Percentage of somatic
variants/pathologic somatic variants shared among different numbers of patients in 59 osteosarcoma patients included. (D) Mutation oncoplot
based on WES results in 59 osteosarcoma patients included. (E) Heatmap of the variant allele frequency in WES and ctDNA sequencing for cases
9 and 33.
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(Fig. 1B), with only 1.8% shared by more than ten pa-
tients. This finding underscores the inefficiency and
impracticality of designing a universal MRD detection
panel targeting frequently mutated osteosarcoma path-
ogenic genes. Therefore, a tumor-informed individual-
ized MRD panel was utilized in this study to enhance
the sensitivity and efficiency of ctDNA detection in os-
teosarcoma patients.
In 71 out of 83 patients (85.5%), a tumor-informed
MRD panel was successfully generated, and 59 pa-
tients meeting both successful MRD panel custom-
ization and available blood sample detection were
included in the study. Among the variants in the MRD
panels of these patients, 98.0% were VUS (Table S1).
Despite its uncharacterized clinical significance, VUS
may reflect tumor growth and disease progression.26 To
www.thelancet.com Vol 73 July, 2024
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Characteristic Number (Percentage)

Sex

Male 42 (71.2%)

Female 17 (28.8%)

Age

<18 years old 40 (67.8%)

≥18 years old 19 (32.2%)

Tumor stage (AJCC 8th) at diagnosis

II 37 (62.7%)

III 2 (3.4%)

IV 15 (25.4%)

Uncertain 5 (8.5%)

Sampling method for WES

Surgery 48 (81.4%)

Core-needle biopsy 10 (16.9%)

Open biopsy 1 (1.7%)

Lesion type

Primary lesion 52 (88.1%)

Recurrent lesion 5 (8.5%)

Metastatic lesion 2 (3.4%)

Adjuvant therapy

Chemotherapy only 50 (84.7%)

Chemotherapy + Radiotherapy 1 (1.7%)

Chemotherapy + ICIs 3 (5.1%)

Radiotherapy only 1 (1.7%)

None 4 (6.8%)

WES, whole exome sequencing; ICIs, Immune checkpoint inhibitors.

Table 1: Clinicopathological characteristics.

Articles
increase the sensitivity of MRD detection, VUS were not
excluded during customization.

Clinicopathological characteristics are presented in
Table 1. A highly sparse mutation profile was also
observed among the 59 osteosarcoma patients (Fig. 1C).
The majority (81.4%) of the WES samples were obtained
from surgical resection. The mutational landscape for
the 59 osteosarcoma patients depicted mutation profiles
of top 30 mutated genes (Fig. 1D). Due to the significant
heterogeneity in osteosarcoma, tumor-informed MRD
panel approach increases the sensitivity of detecting
tumor mutations compared to tumor-agnostic approach.

Interestingly, the VAF of mutations exhibited diver-
gence between tumor and ctDNA in specific cases. The
predominant mutations in tumor samples did not
consistently maintain their prominence in blood samples
and were occasionally absent in longitudinal blood sam-
ples (Fig. 1E). Furthermore, the percentage of each variant
in longitudinal blood samples fluctuated following neo-
adjuvant chemotherapy and surgery (Fig. 1E).

ctDNA detection before surgery
Blood samples obtained before the initial neoadjuvant
chemotherapy were analyzed in 6 patients, with all 6
samples testing positive. ctDNA detection was
www.thelancet.com Vol 73 July, 2024
performed during/after neoadjuvant chemotherapy in 9
patients, and only 1 patient had negative ctDNA results
(positive rate: 88.9%). There was no significant differ-
ence in EFS between patients with negative ctDNA
during/after neoadjuvant chemotherapy and those with
positive (p = 0.72, respectively, Fig. 2A).

ctDNA detection after surgery as a prognostic
predictor
We hypothesized that longitudinal ctDNA detection
post-surgery may provide a sensitive window into MRD
status and serve as a viable surveillance strategy for tu-
mor relapse. 58 patients provided at least one post-
operative blood sample, with 29 patients contributing
at least 2 samples at different timepoints (average: 1.8,
range: 1–5). 13 patients exhibited positive ctDNA
detection after surgery. The patients were followed up
for 1.0–21.8 months (median: 8.1 months).

Survival differences between patients with distinct
ctDNA statuses were assessed longitudinally. For pa-
tients who had not received adjuvant chemotherapy
(within 1 month after surgery), no significant difference
was observed between those patients with different
ctDNA status (p = 0.19, Fig. 2B). Among 6 patients with
positive ctDNA within 1 month after surgery, two pa-
tients (case 12 and 50) subsequently tested negative for
ctDNA, with no observed relapse in their cases.

Patients whose ctDNA became negative or stayed
negative had better EFS compared to those with positive
ctDNA, at 1–6 months after surgery, after adjuvant
chemotherapy, and more than 6 months after surgery
(all p < 0.05. Fig. 2C–E). In total, patients with post-
operative negative ctDNA demonstrated better EFS
than those with positive ctDNA (p < 0.001, Fig. 2F).

Subgroup analyses were conducted to determine
whether post-operative ctDNA status could predict EFS
in both localized and metastatic patients. Among local-
ized stage I-III patients, those with positive ctDNA had
significantly worse EFS compared to those with negative
results (p < 0.001), while in metastatic stage IV patients,
there was no significant difference observed (p = 0.69,
Fig. 3A and B). Although post-operative ctDNA status
did not differentiate outcomes in metastatic patients, the
elevation in ctDNA levels or the transition from negative
to positive ctDNA status correlated with tumor pro-
gression in one patient (case 10, Fig. 3C).

Both univariable and multivariable Cox regression
analyses identified postoperative ctDNA status as a sta-
tistically significant variable (Fig. 4A and B). To be spe-
cific, the hazard ratio (HR) for positive ctDNA results
were 7.43 (95% CI: 2.67–20.62) and 7.74 (95% CI:
1.55–38.75) in univariate and multivariate Cox regression
analyses, respectively, indicating that a positive ctDNA
result was a significant predictor of poor prognosis.

Additionally, a nomogram was developed for the
multivariable Cox regression prognostic model,
encompassing age, sex, necrosis score, tumor stage, and
5
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Fig. 2: Longitudinal ctDNA detection through treatment. (A) EFS curve in patients with different ctDNA statuses during/after neoadjuvant
chemotherapy. (B) EFS curve in patients with different ctDNA statuses within 1 month after surgery (before adjuvant chemotherapy). (C) EFS
curve in patients with different ctDNA statuses in 1–6 months after surgery. (D) EFS curve in patients with different ctDNA statuses after
adjuvant chemotherapy. (E) EFS curve in patients with different ctDNA statuses in >6 months after surgery. (F) EFS curve in overall patients
with different ctDNA statuses after surgery.
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postoperative ctDNA status (Fig. 4C), with an AUC of
0.861 (Fig. 4D).

ctDNA detection preceded imaging for recurrence
detection
To assess the predictive performance of ctDNA detec-
tion, patients were categorized into different groups
based on the relationship between tumor relapse/pro-
gression and ctDNA positivity (Fig. 5A). Six patients had
positive ctDNA results within 3 months prior to tumor
relapse/progression or around the same time, while two
patients had positive ctDNA results but experienced no
tumor relapse/progression after three months. Thirty-
nine patients remained disease-free, with ctDNA
www.thelancet.com Vol 73 July, 2024
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Fig. 3: EFS curve in localized stage I-III osteosarcoma patients (A) and metastatic stage IV osteosarcoma patients (B). (C) Swimmer plot depicting
the MRD surveillance and tumor events in metastatic stage IV patients.

Articles
results consistently negative or turning negative during
follow-up. Three patients experienced tumor relapse/
progression, but their ctDNA results within three
Fig. 4: Univariate (A) and multivariate (B) Cox regression analysis of ev
prognostic model comprised of clinicopathological factors and post-oper

www.thelancet.com Vol 73 July, 2024
months before relapse/progression were negative. Pa-
tients without ctDNA detection within three months
before tumor relapse/progression were classified as
ent-free survival by clinicopathological variables. (C) Nomogram of
ative ctDNA. (D) The ROC of prognostic model.

7
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Fig. 5: MRD surveillance precedes imaging. (A) Swimmer plot depicting MRD surveillance and tumor events. (B) Density curve in 5 patients
indicating the peak of positive ctDNA occurred 2.7 months earlier than that of imaging examinations. (C) Negative ctDNA results helped
differentiate pulmonary nodules (red circle) in case 18. (D) ctDNA quantification in case 10 reflected treatment efficacy.
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having insufficient detection and were not included in
sensitivity and specificity calculations (n = 8). Conse-
quently, the sensitivity and specificity rates of ctDNA in
predicting tumor relapse were 66.7% and 95.1%,
respectively, with an accuracy rate of 90.0%. The positive
predictive value and negative predictive value were
75.0% and 92.9%, respectively.

ctDNA detection identified relapse/progression
events earlier than imaging in 5 patients (Fig. 5A), and
average lead time was 92.6 days. The peak for positive
ctDNA occurred 2.7 months earlier than the peak for
relapse/progression verified by imaging (Fig. 5B).
Twenty-seven patients (45.8%) had blood samples
tested 6 months after surgery. ctDNA was detected as
positive in case 10 and case 33 almost concurrently with
recurrences, because blood samples were taken along
with imaging follow-up. But in these two cases, patients
also have previous positive predictive results (Fig. 5A).

Representative cases were selected to highlight the
clinical significance of MRD surveillance in osteosar-
coma. In case 18 (Fig. 5C), a 53-year-old female diag-
nosed with osteosarcoma, a chest CT performed 3
months after surgery revealed multiple pulmonary
nodules with uncertain nature, necessitating imaging
www.thelancet.com Vol 73 July, 2024
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follow-up to differentiate between inflammatory nodules
and neoplasms. However, all post-operative ctDNA re-
sults were negative, and 10 months after surgery, pul-
monary nodules disappeared on chest CT. In case 10
(Fig. 5D), a 58-year-old male diagnosed with osteosar-
coma, ctDNA quantification increased during adjuvant
chemotherapy, and a chest CT confirmed the enlarge-
ment of pulmonary metastasis. These cases demon-
strate the utility of ctDNA in differentiating suspicious
metastasis, identifying early relapse, and monitoring
treatment efficacy.
Discussion
ctDNA is increasingly being implemented in clinical
practice, as the capacity of this technique has been
successfully shown in a variety of settings of the clinical
cancer care continuum from cancer screening, evalua-
tion of treatment efficacy, detection of MRD to recur-
rence surveillance.27 In the context of recurrence
surveillance, positive ctDNA serves as a sensitive early
indicator of tumor recurrence, while serial negative
ctDNA in longitudinal testing suggests a lower risk of
recurrence or metastasis, which could guide the selec-
tion of adjuvant therapy. It remains inadequately
explored whether ctDNA detection can reflect MRD and
identify early tumor relapse in osteosarcoma patients.

Barris et al. demonstrated tumor specific somatic
mutations through an NGS-based 7-gene-panel, con-
firming the presence of ctDNA in 8 osteosarcoma pa-
tients. However, the prognostic significance was not
explored extensively due to the small sample size and
low depth of coverage (mean: 698.4.1×).28 Low passage
whole genome sequencing (lpWGS) has been explored
as an alternative strategy for ctDNA detection in osteo-
sarcoma.16,29 Audinot et al. conducted lpWGS in 183
osteosarcoma patients for copy number alteration
detection, revealing that ctDNA quantification at diag-
nosis is a major prognostic factor.16 However, ctDNA
quantification by lpWGS at the time of surgery and at
the end of treatment failed to be prognostic factors in
this study due to the low sensitivity of lpWGS, rendering
it unsuitable for longitudinal MRD detection.16

It has been validated in multiple solid tumors that
tumor-informed strategy can be used for MRD detec-
tion. Therefore, we opted for a tumor-informed strategy
in designing the MRD panel and conducted MRD sur-
veillance in 59 osteosarcoma patients, constituting the
largest cohort for MRD surveillance in osteosarcoma to
our knowledge.

In our study, the WES results in tumor samples of 83
osteosarcoma patients illustrated a high degree of
mutational heterogeneity (Fig. 1B). Given this pro-
nounced heterogeneity, we hypothesized that the adop-
tion of a tumor-informed MRD panel would be a more
practical and cost-effective approach with heightened
sensitivity and specificity, as the panel incorporates only
www.thelancet.com Vol 73 July, 2024
16–40 tumor-specific variants and allows deep
sequencing. Conversely, a universal MRD panel would
necessitate the inclusion of hundreds of targets, leading
to elevated costs, particularly in the context of longitu-
dinal multiple testing, and compromised sensitivity due
to a lower sequencing depth.

Our results indicate that clonal somatic variants in
osteosarcoma are predominantly VUS, and VUS
accounted for 98.0% of the variants in the MRD panel.
This observation underscores the unmet need to
comprehend the potential role of VUS in osteosarcoma
tumorigenesis and suggests that VUS should be
considered when designing MRD panels and exploring
potential therapeutic targets.

We successfully generated a tumor informed MRD
panel in 85.5% of osteosarcoma patients (71/83), con-
firming the feasibility of tumor-informed MRD panel
customization for the majority of osteosarcoma patients.
12 patients failed in the customization of MRD, pri-
marily due to reasons such as having fewer than 16
clonal mutations or the presence of alternative structural
variants, including fusion, rearrangement, and
amplification.

ctDNA is a valuable tool for tracking the dynamic
change of tumor-specific variants. The variants with
highest fraction in the primary tumor didn’t consistently
rank as most frequent during longitudinal ctDNA
detection, whereas the fraction of those variants with
low VAF in the primary tumor occasionally increased
when tumor relapse occurred, potentially revealing tu-
mor evolution in response to treatment (Fig. 1E).

In this study, we demonstrate that post-operative
ctDNA status serves as a significant predictor of EFS
and acts as a sensitive and specific biomarker for MRD
surveillance in osteosarcoma patients. For metastatic
osteosarcoma patients, the rise in ctDNA levels or the
transition from negative to positive ctDNA status could
potentially serve as a marker of tumor progression. As
tumor-informed ctDNA detection is highly sensitive,
ctDNA quantification may reflect tumor burden when
the residual disease is known to exist. Importantly, post-
operative ctDNA identified tumor relapse earlier than
radiological examinations, with an average lead time of
92.6 days. A nomogram prognostic model was devel-
oped to predict patient survival based on clinicopatho-
logical characteristics and ctDNA status.

Audinot et al. and Shulman et al. utilized WGS to
quantify ctDNA in osteosarcoma.16,29 Both found that
ctDNA detection by WGS at diagnosis was a significant
predictor of patient outcome, but they did not monitor
MRD in those patients due to the low sensitivity of
WGS. Our findings demonstrates that tumor-informed
ctDNA detection is more suitable for MRD surveil-
lance than WGS-based ctDNA detection, with the ad-
vantages of high sensitivity and relatively low cost for
longitudinal, repeated detection. Nevertheless, this
technique may miss newly acquired mutations due to
9
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tumor evolution.11 Moreover, three patients were
observed with tumor relapse or progression, yet their
ctDNA stayed negative. The negative ctDNA results
could be attributed to poor representation of the MRD
panel, the acquisition of new mutations during treat-
ment or evolution, and low quality of ctDNA samples.
Longitudinal ctDNA detection can reflect patients’
response to adjuvant chemotherapy. Two patients (case
12 and 50) with ctDNA clearance during adjuvant
chemotherapy remained disease-free until last follow-
up, and thus, ctDNA clearance may indicate a good
response to therapy. Conversely, persistent positive
ctDNA with stable or increased VAF strongly suggests
the presence of MRD and resistance to current therapy.
MRD surveillance through longitudinal ctDNA detec-
tion could significantly contribute to monitoring treat-
ment efficacy and guiding decisions regarding
de-escalation or escalation of chemotherapy.

Considering the predilection of osteosarcoma in
children and adolescents, the significant side effects of
radiological surveillance cannot be overlooked. Radia-
tion exposure from CT scans elevates the risk of brain
tumors and hematological malignancies.30,31 Adopting
ctDNA-based MRD detection has the potential to miti-
gate the risk of secondary malignancies by reducing the
frequency of CT scans in persistently ctDNA-negative
patients.

Therefore, the potential clinical applications of
ctDNA detection in osteosarcoma can be envisioned as
follows: 1) early identification of tumor relapse, enabling
timely management; 2) escalation and/or extension of
adjuvant chemotherapy in patients with persistently
positive ctDNA; 3) de-escalation of adjuvant chemo-
therapy and reduction of radiological examinations in
patients with persistently negative ctDNA; 4) guiding
the management of osteosarcoma patients who have
undergone unplanned tumor resection. Prospective
studies should be conducted to further delineate the role
of ctDNA-guided management in the clinical setting of
osteosarcoma treatment.

The limitation of our study is primarily that not all
patients underwent regular sequential blood withdrawal,
resulting in a reduced effective sample size for survival
analysis. Second, the relatively short follow-up duration
precludes the evaluation of ctDNA’s predictive value in
overall survival. Third, a validation cohort is needed to
confirm the findings and facilitate clinical application.

In summary, our study highlights the clinical rele-
vance and applicability of tumor-informed deep
sequencing of ctDNA for MRD surveillance in osteo-
sarcoma patients, presenting the largest cohort to our
knowledge. Notably, our findings suggest that ctDNA
has the potential to enable earlier detection of tumor
recurrence and disease progression compared to con-
ventional imaging modalities. The strategic application
of ctDNA sequencing holds promise for improved pa-
tient monitoring, allowing for timely interventions and
potentially enhancing outcomes in osteosarcoma man-
agement. However, these observations are still indica-
tive rather than definitive and require further validation
in larger and more diverse populations to establish their
clinical utility.
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