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SUMMARY

The diagnostic accuracy of circulating tumor DNA (ctDNA) for detecting molecular residual disease (MRD) after 

multimodal treatment remains unclear. In a prospective cohort of 132 patients with locally advanced esopha

geal squamous cell carcinoma (ESCC) undergoing neoadjuvant chemoradiotherapy (nCRT) followed by clinical 

response evaluation and surgery, tumor-informed personalized-panel and fixed-panel ctDNA assays are 

applied to serial blood samples. Personalized ctDNA assay demonstrates a superior baseline detection rate 

(99.2%) and outperforms fixed panels in diagnosing post-nCRT residual disease. Integrating personalized 

ctDNA with conventional clinical diagnostic methods increases sensitivity for predicting non-pathological 

complete response (non-pCR) from 78.4%–80.7% to 92.0%–93.2%. Patients with detectable MRD post- 

nCRT and/or post-surgery exhibit worse survival outcomes. In non-pCR patients, adjuvant immunotherapy im

proves disease-free survival in post-surgery MRD-positive cases, whereas MRD-negative patients derive no 

benefit. These findings support incorporating ctDNA into response assessment to guide organ-sparing strate

gies and adjuvant therapy decisions in ESCC. This study is registered at ClinicalTrials.gov (NCT03937362).

INTRODUCTION

Esophageal cancer is the seventh leading cause of cancer- 

related mortality worldwide, with esophageal squamous cell 

carcinoma (ESCC) accounting for nearly 90% of cases.1,2 Neo

adjuvant chemoradiotherapy (nCRT) followed by surgery is a 

standard treatment for locally advanced esophageal cancer.3,4

However, a substantial proportion of patients achieve a patho

logical complete response (pCR) after nCRT, particularly in 

ESCC (∼40%), raising questions about the necessity of standard 

esophagectomy for all patients.5,6 Intuitively, surgery may not 

offer oncological benefit for patients with no viable residual 

tumor. Therefore, for patients who show no signs of residual dis

ease after nCRT (defined as clinically complete response [cCR]), 

a ‘‘Watch and Wait’’ strategy—also referred to organ-sparing 

approach with active surveillance—has been proposed as an 

alternative to standard esophagectomy, given the considerable 

morbidity and mortality risks associated with esophagectomy, 

which can severely compromise quality of life.7,8

A critical challenge in implementing organ preservation strate

gies is the accurate detection of residual disease after neoadju

vant therapy.5 The European preSANO (pre-surgery as needed 

for oesophageal cancer) trial established a clinical response 

evaluation (CRE) strategy using clinical diagnostic methods of 

endoscopic bite-on-bite biopsy of primary lesion and endo

scopic ultrasound with fine needle aspiration (EUS-FNA) of sus

pected lymph nodes.2 However, this conventional CRE strategy, 

despite a 10% false-negative rate for detecting major residual 

disease (referred to non-major pathological response [non- 

MPR], defined as >10% viable residual cancer), exhibited a 
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concerning 23% false-negative rate for detecting any residual 

disease (referred to non-pCR, defined as ≥1% viable resid

ual cancer), suggesting its insufficiency to detect minimal resid

ual tumors. This limitation was further confirmed in the phase 3 

SANO (surgery as needed for oesophageal cancer) trial. While 

showing non-inferior overall survival for active surveillance 

versus standard surgery in cCR patients evaluated by conven

tional CRE strategy post-nCRT, the trial revealed that 43% of pa

tients who underwent active surveillance developed distant me

tastases compared to 34% of those who underwent standard 

surgery.9,10 These findings highlight the limitations of conven

tional diagnostic tools in detecting molecular residual disease 

(MRD) and emphasize the need for more sensitive biomarkers.

Circulating tumor DNA (ctDNA) has emerged as a promising tool 

for detecting MRD and predicting recurrence in several tumor 

types.11,12 ctDNA assays are generally categorized into tumor- 

naive (agnostic) assay, which adopts no prior information about 

tumor mutations in the assay, and tumor-informed assay, which 

incorporates the genetic information from the corresponding tu

mor tissue. Tumor-informed assay can be further divided into 

personalized and fixed-panel assays. The MEDAL (methylation 

based dynamic analysis for lung cancer) study and the TRACEx 

(tracking non-small cell lung cancer evolution through therapy 

[Rx]) study have shown that personalized tumor-informed ctDNA 

assay has excellent sensitivity in MRD detection in lung can

cer.13,14 For colorectal cancer, both the DYNAMIC study and 

the GALAXY (Genetic alterations and clinical record in radically 

resected colorectal cancer revealed by liquid biopsy and whole 

exome analysis) study demonstrated the utility of ctDNA for post

operative risk stratification and for guiding adjuvant treat

ment.11,15 Additionally, undetectable ctDNA after neoadjuvant 

therapy has been associated with improved outcomes in lung 

cancer and in breast cancer.16–18 These studies highlight the po

tential of ctDNA in neoadjuvant response assessment for adaptive 

treatment. However, ctDNA remains underexplored in residual 

disease detection after neoadjuvant therapy for esophageal can

cer. Two pivotal questions remain: first, for patient selection after 

nCRT for organ-sparing strategies, it is still unclear whether ctDNA 

can enhance the detection of residual disease, either alone or in 

combination with conventional clinical diagnostic modalities; sec

ond, for patients undergoing standard surgery post-nCRT, the 

role of ctDNA remains unclear in postoperative management, 

particularly in guiding adjuvant immunotherapy.

In this study, we explored the value of ctDNA as a molecular 

response evaluation (MoRE) strategy to improve residual dis

ease detection during neoadjuvant and perioperative decision- 

making for ESCC patients from a prospective diagnostic trial 

(preSINO, pre-surgery if needed for oesophageal cancer). We 

assessed the clinical validity of ctDNA for identifying complete 

responders after nCRT to support organ-sparing strategies 

and for stratifying postoperative recurrence risk to guide adju

vant immunotherapy decisions.

RESULTS

Patient characteristics

The study design is illustrated in Figure 1A (STAR Methods). Be

tween August 2019 and January 2023, 242 patients with locally 

advanced ESCC who underwent nCRT followed by standard 

CRE and surgery were included in the preSINO diagnostic cohort 

study.19 Of these, 132 patients (biomarker evaluable set [BES]) 

were prospectively recruited for ctDNA analysis. Reasons for 

exclusion from ctDNA analysis are detailed in Figure S1. 

Patient characteristics were comparable between BES and 

full analysis set including age, gender, tumor location, clinical 

TNM (tumor, node, metastasis) stage, and neoadjuvant therapy 

response (all p > 0.05, Table S1). Additionally, no significant dif

ferences in clinical characteristics or pathological response were 

observed between ctDNA-evaluable patients (BES) and ctDNA- 

non-evaluable patients (all p > 0.05, Table S1). Among the 132 

ctDNA-evaluable patients, a total of 43 patients (32.6%) 

achieved pCR (defined as the absence of residual tumor) after 

nCRT. Fifteen patients had 1%–10% residual tumor, and, 

when combined with the 43 cases with pCR, 58 patients 

(43.9%) were classified as having a major pathological response 

(MPR, defined as 0%–10% residual tumor). All patients were 

confirmed without distant metastases by preoperative positron 

emission tomography (PET)-computed tomography (CT) and un

derwent complete resection. After nCRT, all patients underwent 

one or two CREs as specified by standard clinical diagnostic 

approach using endoscopic biopsy and EUS-FNA. Detailed 

CRE results and pathological diagnoses are shown in 

Figure S2. At CRE-1 time point, 56 patients (42.4%) were evalu

ated as positive by endoscopic biopsy and proceeded directly to 

surgery, among whom 53 patients (94.6%) were non-pCR. Of the 

76 patients who proceeded to CRE-2 with endoscopic biopsy 

and EUS-FNA 4–6 weeks after CRE-1, 18 (23.7%) were evalu

ated as positive with residual disease and 58 (76.3%) were nega

tive. Among the 18 CRE-2 positive patients, all were non-pCR, 

while, among the 58 CRE-2 negative patients, 40 (69.0%) were 

pCR. A total of 489 blood samples from the 132 patients were 

included in the ctDNA analysis (Figure 1B).

Comparison of performance of the three ctDNA assays 

to detect MRD

Benchmarking ctDNA detection rates at baseline (pretreatment) 

is essential for evaluating assay sensitivity, particularly when 

interpreting treatment response after neoadjuvant therapy and 

informing subsequent decisions regarding adjuvant treatment. 

In this study, we applied three previously validated ctDNA as

says13 for MRD detection: tumor-informed personalized assay, 

tumor-informed fixed assay, and tumor-naive fixed assay. For 

the tumor-informed personalized assay, up to 50 highly ranked 

variants were identified from the whole-exome sequencing 

data of the tumor tissues to form a personalized panel.13 The 

tumor-naive fixed assay used a fixed panel covering 168 can

cer-related genes previously validated in the Food and Drug 

Administration-led sequencing quality control phase 2 (SEQC2) 

project.20 For the tumor-informed fixed assay, the same fixed 

panel was used, but any SNV/insertion or deletion not detected 

in the paired tumor tissue was excluded, resulting in a lower re

ported allele frequency than the tumor-naive fixed assay. 

Detailed information for the three assays is provided in STAR 

Methods and Tables S2 and S3. We first compared assay sensi

tivity by evaluating baseline ctDNA detection rates among pa

tients with paired ctDNA results from all three assays (n = 125). 

2 Cell Reports Medicine 6, 102334, September 16, 2025 

Article
ll

OPEN ACCESS



Figure 1. Study schematic 

(A) Flowchart of the study design. 

(B) Number of patients with available ctDNA data at each predefined time point. See also Figures S1 and S2 and Table S1.
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Figure 2. Comparison of tumor-informed personalized and fixed-panel ctDNA assays for MRD detection before and after nCRT 

(A) ctDNA-positive detection rates of three assays at baseline, calculated as the proportion of ctDNA-positive patients among all tested individuals. See also 

Tables S2 and S3. 

(legend continued on next page) 
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The positive detection rate at baseline was significantly higher 

with the tumor-informed personalized assay than the other as

says (99.2% vs. 91.2% vs. 61.6%, p < 0.001, Figure 2A). When 

stratified by tumor stage, the tumor-informed personalized 

assay showed higher ctDNA-positive rates across all subgroups 

compared to the other assays. Among patients with detectable 

ctDNA by tumor-informed personalized assay at baseline, those 

who were positive only by this assay had significantly lower 

ctDNA fractions than those who were also positive by either 

one or both fixed-panel assays (Figure 2B). This highlights the 

personalized assay’s sensitivity to detect low-level ctDNA that 

might be missed by fixed-panel assays, which is important in 

the post-treatment setting where ctDNA levels are low. Notably, 

most variants (99.5%) tracked by the tumor-informed personal

ized assay were unique to individual patients (Figure 2C), high

lighting the substantial inter-patient heterogeneity in ESCC and 

the limitations of hotspot-based fixed panels. When compared 

with previously published custom fixed-panel MRD studies, 

only a small proportion (2.4%–10.0%, Table S4) of the variant 

sites in our cohort were covered by those fixed panels,21–25

which may explain the lower ctDNA-positive rates (37.5%– 

75.5%) reported in prior studies for esophageal cancer.

We next evaluated ctDNA detection at post-nCRT time points 

(CRE-1 and CRE-2) following a diagnostic trial design to evaluate 

the feasibility of organ-sparing strategies (Figure 1A, STAR 

Methods). After nCRT, patients underwent one or two CRE 

(Figure S2). Those with a positive diagnosis at the first evaluation 

(CRE-1, endoscopic biopsy performed 4–6 weeks post-nCRT) 

proceeded to immediate surgery, while those with a negative 

result proceeded to second evaluation (CRE-2, endoscopic bi

opsy and EUS-FNA at 10–12 weeks post-nCRT) before surgery. 

As shown in Figure 2D, the tumor-informed personalized assay 

maintained a significantly higher positive rate at both CRE-1 

(48.8% vs. 20.2% and 29.5%) and CRE-2 (40.6% vs. 14.5% and 

20.3%) time points compared with the other assays. This decline 

in ctDNA detection rates compared to baseline reflects true bio

logical response to neoadjuvant therapy, rather than assay insen

sitivity, as a substantial proportion of patients who underwent 

ctDNA testing and achieved pCR after nCRT (32.6% at CRE-1 

and 50.7% at CRE-2, see pie charts in Figure 2D). Among patients 

with ctDNA positivity detected by tumor-informed personalized 

assay at post-nCRT (CRE-1/2), those who were positive only by 

this assay had significantly lower ctDNA fractions than those 

who were also positive by either one or both fixed-panel assays 

(Figure 2E), consistent with findings at baseline. This further sup

ports the superior sensitivity of personalized assay in detecting 

MRD under conditions of reduced tumor burden after neoadjuvant 

therapy. Notably, ctDNA fraction detected by the tumor-informed 

personalized assay reached as low as 0.004% (Figure 2F).

We also explored the association between ctDNA fractions 

and treatment response, using both clinical evaluation and path

ological response. At baseline, there was no difference in ctDNA 

fraction between patients classified as CRE positive and CRE 

negative by conventional diagnostic methods (Figure 2G). How

ever, post-nCRT ctDNA fractions at both the CRE-1 and CRE-2 

time points were significantly higher in patients with clinically 

diagnosed residual disease compared to those without. A similar 

pattern was observed when patients were stratified by patholog

ical response (Figure 2H): patients with non-pCR had signifi

cantly higher ctDNA fractions than those with pCR at both 

CRE-1 and CRE-2 time points. These findings support the sensi

tivity of the tumor-informed personalized assay for MRD detec

tion and its correlation with treatment response.

Integrated ctDNA and clinical assessment improve 

sensitivity for residual disease detection after nCRT

We next assessed the feasibility of ctDNA-based MoRE in pre

dicting residual disease after nCRT. A total of 131 patients with 

post-nCRT ctDNA data from all three assays were included for 

analysis. For each patient, diagnostic information from both 

CRE-1 and CRE-2 time points was integrated to generate a final 

prediction (Figure 3A): a positive result at either CRE-1 or CRE-2 

by a diagnostic test (e.g., conventional endoscopic biopsy or 

ctDNA assay) was classified as ‘‘predicted positive’’ for residual 

disease, while negative results at both time points were classi

fied as ‘‘predicted negative.’’ This two-step assessment 

approach reflects real-world clinical practice and has been 

demonstrated in prior trials10,26 as a feasible strategy to identify 

low-risk patients for organ preservation.5 We then evaluated the 

accuracy of each diagnostic modality to identify patients with 

pathological residual disease (non-pCR), using surgical histopa

thology as the reference standard. Sensitivity was defined as the 

proportion of non-pCR patients who tested positive by each 

diagnostic method. The tumor-informed personalized assay 

outperformed the other two assays in predicting non-pCR (any 

residual tumor), with a sensitivity of 72.7% compared to 25.0% 

(B) Boxplots comparing ctDNA fractions at baseline among patients with ctDNA detected by the tumor-informed personalized panel, stratified by additional 

detection by fixed panels: all three assays (brown), personalized plus either fixed panel (pink), or personalized only (red). 

(C) Pie chart showing the proportion of unique and shared tumor variants tracked by the tumor-informed personalized panel among 132 ESCC patients. Most 

variants were unique to individual patients, while only a small proportion were shared by more than one patient. See also Table S4. 

(D) ctDNA-positive detection rates of the three assays at post-nCRT time points (CRE-1/2), calculated as the proportion of ctDNA-positive patients among all 

tested individuals. Pie charts below show the proportion of patients with pCR and non-pCR among those who underwent ctDNA testing at each time point. 

(E) Boxplots comparing ctDNA fractions at post-nCRT (CRE-1/2) among patients with ctDNA detected by the tumor-informed personalized panel, stratified by 

additional detection by fixed panels: all three assays (brown), personalized plus either fixed panel (pink), or personalized only (red). 

(F) Boxplot comparing ctDNA fraction between ctDNA-positive and ctDNA-negative patients at post-nCRT (CRE-1/2), as determined by the tumor-informed 

personalized panel. 

(G) Dynamic changes in ctDNA fraction stratified by clinical evaluation (clinically diagnosed residual disease vs. those without) from baseline to post-nCRT (CRE-1 

and CRE-2 time points). 

(H) Dynamic changes in ctDNA fraction stratified by pathological response (pCR vs. non-pCR) from baseline to post-nCRT (CRE-1 and CRE-2 time points). 

ns, not significant; *p < 0.05, **p < 0.01, and ***p < 0.001, by chi-squared test (A and D) or Mann-Whitney test (B and E) or two-way ANOVA in (G and H). Boxplots in 

(B), (E), and (F) represent median ± interquartile range, and whiskers indicate full range of values.
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and 42.0% for the tumor-naive and tumor-informed fixed panels, 

respectively (Figure 3B). A similar trend was observed when us

ing an alternative pathological response definition commonly 

used in neoadjuvant trials—non-MPR, defined as >10% residual 

tumor and/or presence of nodal metastasis. Compared to the 

pCR/non-pCR definition, which represents the most stringent 

threshold for complete response, the MPR-based classification 

allows for minor residual disease. Under this criterion, the 

Figure 3. Integrated ctDNA and clinical assessment improve prediction of residual disease and complete response after nCRT 

(A) Schematic of the diagnostic workflow for response evaluation. Diagnostic test performance was summarized using a confusion matrix to calculate sensitivity 

and false-negative rate. 

(B) Sensitivity and false-negative rates for detecting any residual disease (non-pCR) using conventional clinical methods, ctDNA-based molecular methods, and 

their combinations. Absolute numbers used for each calculation are displayed beneath each bar. 

*p < 0.05 of Fisher’s exact test; ns, not significant. See also Table S5 and Figure S3.
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tumor-informed personalized assay again showed higher sensi

tivity than the other two fixed-panel assays (79.5% vs. 30.1% 

and 49.3%, Table S5). Notably, combining the tumor-informed 

personalized ctDNA assay with conventional clinical diagnostic 

methods further improved sensitivity for predicting non-pCR 

from 78.4%–80.7% to 92.0%–93.2%, outperforming the combi

nation with the other ctDNA assays (Figure 3B; Table S5). These 

findings suggest the potential clinical value of integrating MoRE 

(referred to ctDNA-based MRD assessment) with conventional 

CRE (referred to clinical diagnostics of endoscopic biopsy and/ 

or EUS-FNA) to enhance residual disease detection after 

nCRT, thereby reducing the risk of missed diagnoses of residual 

disease and supporting safer organ-sparing selection.

Given its superior performance in MRD detection, we focused 

subsequent analyses on the tumor-informed personalized ctDNA 

assay. Although the addition of ctDNA to CRE improved sensi

tivity, an increase in false-positive rate was observed 

(Figure 3B). We next analyzed additional positive cases contrib

uted by ctDNA testing, stratified by non-pCR (true positives) and 

pCR (false positives). Among 89 non-pCR patients (Figure S3A), 

53 were CRE-1 positive (by endoscopic biopsy), of whom 41 

were also ctDNA positive, indicating strong concordance 

between endoscopic biopsy-based CRE and ctDNA-based 

MoRE. Of the 36 non-pCR patients with negative CRE-1 diag

nosis, 13 (36.1%) were ctDNA positive at the same time point; 

these patients were not identified by conventional clinical evalua

tion but could have been considered with residual disease based 

on ctDNA positivity, potentially enabling timely surgery that would 

otherwise be delayed by 4–6 weeks until the second CRE. 

Notably, only 7 of these 13 patients were subsequently identified 

as positive by clinical assessment at CRE-2. Given that the 

NeoRes II trial27 showed that surgery delays (>10 weeks post- 

nCRT) are associated with worse survival in patients with poor 

response to nCRT, our findings highlight the potential of inte

grating ctDNA detection to help prevent unnecessary surgery de

lays in non-clinical responders missed by CRE-1. Of the remaining 

23 patients who were negative by both biopsy and ctDNA at 

CRE-1 time point, 11 were found to be CRE-2 positive by endo

scopic biopsy with EUS-FNA; of the 12 patients who remained 

CRE-2 negative, 5 were identified as ctDNA positive. Overall, add

ing MoRE with ctDNA analysis to conventional CRE enabled the 

identification of 11 additional non-pCR patients (11/89, 12.4%).

Among 43 pCR patients, 3 had CRE-1-positive diagnosis 

(2 due to endoscopically non-traversable stenosis and 1 due to 

high-grade dysplasia), and 1 of these 3 patients was ctDNA 

positive (Figure S3B). Among the remaining 40 patients with 

CRE-1-negative diagnosis, 8 were ctDNA positive at CRE-1 

time point and 2 were ctDNA positive at CRE-2 time point. In to

tal, 13 pCR patients had either positive CRE or positive ctDNA 

findings post-nCRT and were considered potential false posi

tives. Specifically, 10 patients had ctDNA positivity only, 2 had 

CRE-1 positivity only, and 1 had both ctDNA and CRE-1 positiv

ity (Figure S3C). Recurrence analysis showed that pCR patients 

with positive ctDNA post-nCRT had significantly higher recur

rence rates (36.4% vs. 6.3%, p = 0.01, Figure S3D) than those 

with negative ctDNA. Moreover, patients with positive ctDNA 

post-nCRT had worse disease-free survival (DFS) and overall 

survival (OS) (Figures S3E and S3F). These results suggest that 

ctDNA can supplement conventional clinical diagnostic methods 

not only to detect locoregional residual disease (LRD) for predict

ing non-pCR patients but also to detect systemic residual dis

ease for identifying patients with an increased risk of distant 

recurrence even among those who achieve a pCR.

Postoperative ctDNA predicts prognosis after nCRT

We next evaluated the prognostic value of postoperative ctDNA- 

based MRD in ESCC following nCRT. We first assessed the 

dynamic change in ctDNA status from post-nCRT (CRE-1/2) to 

post-surgery (F1) (Figure 4A). Among the 66 patients with posi

tive ctDNA at post-nCRT time point, 56 were non-pCR and 10 

were pCR. Notably, 9 out of the 10 pCR patients (90.0%) re

mained ctDNA positive at F1, suggesting a possible presence 

of residual disease beyond the locoregional tumor site. Among 

the 56 non-pCR patients, 31 (55.4%) converted to ctDNA nega

tivity at F1, indicating that their initial positive ctDNA post-nCRT 

was likely attributable to LRD that was subsequently removed by 

surgery. The remaining 25 non-pCR patients (44.6%) remained 

ctDNA positive at F1, suggesting the potential presence of resid

ual disease beyond locoregional tumor site despite radical 

surgery. In contrast, among 50 patients with negative ctDNA at 

post-nCRT time point, most (47/50, 94.0%) remained negative 

at F1, with 3 patients (6.0%) converted to ctDNA positive at F1 

(2 with non-pCR and 1 with pCR). Changes in ctDNA status 

from post-nCRT to F1 were categorized into four groups: consis

tent negative (n = 47), converted negative (n = 32), converted 

positive (n = 3), and consistent positive (n = 34). As expected, pa

tients with consistent positive ctDNA had worse DFS and OS 

(Figures 4B and 4C) compared to those with consistent negative 

or converted negative ctDNA (Log rank p for trend < 0.001).

Next, we explored whether post-surgical ctDNA could predict 

recurrence and prognosis. Patients with positive ctDNA at F1 

had significantly worse DFS (p < 0.001; hazard ratio [HR], 8.80; 

95% confidence interval [CI], 4.28–18.11, Figure 4D) and OS 

(p < 0.001; HR, 10.03; 95% CI, 3.92–25.65, Figure 4E) compared 

to ctDNA-negative patients. Multivariable Cox regression anal

ysis confirmed that post-surgical ctDNA positivity at F1 was an 

independent prognostic factor for worse survival outcomes after 

adjustment for clinical variables (age, gender, baseline tumor 

stage, pCR status, and adjuvant therapy) (Figure 4F). Consis

tently, positive ctDNA at F2 was associated with worse DFS 

(p < 0.001; HR, 17.07; 95% CI, 4.72–61.68, Figure S4A) and 

OS (p < 0.001; HR, 13.39; 95% CI, 2.91–61.58, Figure S4B). Lon

gitudinal postoperative ctDNA status (F1 and F2) also predicted 

higher disease progression (p < 0.001; HR, 15.58; 95% CI, 6.43– 

37.78, Figure S4C) and mortality (p < 0.001; HR, 12.76; 95% CI, 

4.33–37.59, Figure S4D). Furthermore, patients with consistently 

positive or converted positive ctDNA from F1 to F2 had worse 

DFS and OS compared to those with consistent or converted 

negative ctDNA (Log rank p for trend < 0.001, Figures S4E and 

S4F). These findings support the prognostic value of postopera

tive ctDNA in ESCC patients treated with nCRT and surgery.

Postoperative ctDNA predicts benefit from adjuvant 

immunotherapy

Pathological response to neoadjuvant therapy is associated with 

recurrence and prognosis and currently serves as the primary 
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factor for postoperative risk stratification in esophageal cancer. 

Current guidelines recommend adjuvant immunotherapy with ni

volumab (a PD-1 inhibitor) for ESCC patients who do not achieve 

pCR after nCRT.28,29 In line with this, non-pCR patients in this 

study exhibited worse DFS than pCR patients (p = 0.005; HR, 

3.02; 95% CI, 1.35–6.77, Figure S5A), although there was no sig

nificant difference in OS (p = 0.055; HR, 2.34; 95% CI, 0.96–5.60, 

Figure S5B).

We next examined whether postoperative ctDNA could further 

stratify recurrence risk and guide adjuvant therapy decisions 

beyond conventional pathological response. Patients were cate

gorized into four subgroups based on ctDNA status at F1 and 

pathological response. Those with positive ctDNA at F1 had 

worse DFS and OS than patients with negative ctDNA at F1, 

regardless of pCR or non-pCR (Log rank p for trend < 0.001; 

Figures S5C and S5D). Interestingly, DFS and OS were compa

rable between pCR and non-pCR patients who were ctDNA 

negative, raising the question whether this lack of difference 

may be partially due to the use of adjuvant immunotherapy in 

non-pCR patients.

We then stratified patients by ctDNA status at F1, which 

coincided with the timing prior to the initiation of adjuvant 

therapy. Among patients with positive ctDNA at F1 (n = 37), pa

tients with pCR had better DFS compared to non-pCR patients 

who did not receive adjuvant immunotherapy (p = 0.019; HR, 

0.31; 95% CI, 0.11–0.87, Figure 5A). Additionally, non-pCR pa

tients receiving adjuvant immunotherapy had improved DFS 

compared to non-pCR patients not receiving adjuvant immuno

therapy (p = 0.022; HR, 0.34; 95% CI, 0.13–0.89). While there 

was no significant difference in OS, a trend suggested an 

improved OS for non-pCR patients who received adjuvant immu

notherapy than those not receiving it (Figure 5B). Conversely, 

among patients with negative ctDNA at F1 (n = 79), no significant 

differences were observed in DFS (p = 0.140, Figure 5C) or OS 

(p = 0.158, Figure 5D) between non-pCR patients with or without 

adjuvant immunotherapy and pCR patients. To address potential 

confounding from guideline changes over the study period (STAR 

Methods), we performed multivariable Cox regression analyses 

adjusting for clinical factors (age, gender, and baseline tumor 

stage) and guideline era effects. In patients with positive 

ctDNA post-surgery, non-pCR patients receiving adjuvant immu

notherapy showed a significant improvement in prognosis 

compared to those not receiving adjuvant immunotherapy 

(adjusted HR 0.24, 95% CI 0.07–0.80, p = 0.021, Table S6). How

ever, in patients with negative ctDNA post-surgery, adjuvant 

immunotherapy was not associated with a significant improve

ment in prognosis for non-pCR patients (p = 0.533, Table S6). 

These findings support the potential utility of post-surgical ctDNA 

to enhance risk stratification and guide personalized adjuvant 

immunotherapy decisions in ESCC.

Integrating ctDNA-based MRD into clinical management 

of esophageal cancer after neoadjuvant therapy

Based on the aforementioned results, a hypothetical scenario 

for integrating ctDNA-based systemic MRD assessment with 

clinical diagnostic modalities for LRD evaluation (Figure 6A) 

could be proposed. In ESCC patients following nCRT, prog

nostic outcomes can be categorized into four types based on 

their MRD and LRD status.

(1) Type 1: patients without residual disease at both locore

gional and systemic sites; both LRD and ctDNA-based 

MRD would be negative after nCRT and remain negative 

post-surgery. These patients are expected to have good 

prognosis.

(2) Type 2: patients with residual disease confined to the lo

coregional tumor site would have positive results for both 

LRD and ctDNA-based MRD post-nCRT. However, after 

complete surgical resection, both LRD and ctDNA-based 

MRD would convert to negative. These patients are ex

pected to have favorable outcomes.

(3) Type 3: residual disease is present beyond the locore

gional site; LRD might be negative, but ctDNA-based 

MRD remains positive post-nCRT, and the positivity of 

ctDNA-based MRD would persist after radical surgery, 

indicating a higher risk of systemic recurrence.

(4) Type 4: patients with concurrent locoregional and sys

temic residual disease would have positive results for 

both LRD and ctDNA-based MRD post-nCRT; even after 

radical surgery, when LRD has been removed, ctDNA 

would remain positive, indicating persistent systemic re

sidual disease and a poor prognosis.

This conceptual stratification highlights the complementary role 

of ctDNA-based MRD alongside conventional diagnostics in 

refining residual disease assessment and supporting personal

ized management in the post-nCRT setting of ESCC. Therefore, 

we propose a clinical pathway incorporating ctDNA-based MRD 

into post-neoadjuvant therapy management for ESCC patients 

(Figure 6B). At the first response evaluation post-nCRT, if either 

endoscopic biopsy or ctDNA is positive, immediate surgery is rec

ommended. If both tests are negative, a second evaluation is 

scheduled 4–6 weeks later. At that point, patients with any positive 

endoscopic biopsy or ctDNA should proceed to surgery. Based 

on this strategy, the positive predictive value (PPV) for non-pCR 

would be 85.7% and 88.2% at the first and second response 

Figure 4. Postoperative ctDNA status predicts prognosis after nCRT 

(A) Sankey plot showing the change in ctDNA-based MRD status from post-nCRT/pre-surgery (CRE-1/2) to post-surgery among patients with matched ctDNA 

results at all time points. 

(B and C) Kaplan-Meier curves for (B) disease-free survival (DFS) and (C) overall survival (OS) stratified by ctDNA status changes from post-nCRT to post-surgery 

(F1): consistent negative, converted negative, converted positive, and consistent positive. 

(D and E) Kaplan-Meier curves of (D) DFS and (E) OS between patients with positive and negative ctDNA at F1 time point. 

(F) Forest plot of multivariable Cox regression analysis for DFS, showing adjusted hazard ratios for postoperative MRD status (F1 ctDNA), clinical factors, and 

adjuvant treatment. 

Log rank test was used in (B)–(E).
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Figure 5. Postoperative ctDNA predicts benefit from adjuvant immunotherapy 

(A) Kaplan-Meier curves of disease-free survival (DFS) for patients with ctDNA positivity at F1 time point, stratified by three subgroups: pathological complete 

response (pCR) receiving surveillance only, non-pCR with adjuvant immunotherapy, and non-pCR without adjuvant immunotherapy. See also Figure S5 and 

Table S6. 

(B) Kaplan-Meier curves of overall survival (OS) for the same patient groups as in (A). 

(C and D) Kaplan-Meier curves of (C) DFS and (D) OS for patients with ctDNA negativity at F1 time point, stratified by the same three subgroups as in (A). 

Log rank test was used in (A)–(D); hazard ratio was calculated using Cox regression.
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evaluation, respectively. Patients who remain negative by both 

endoscopic biopsy and ctDNA may be eligible for a ‘‘Watch and 

Wait’’ strategy but should be regularly monitored with ctDNA 

testing since the negative predictive value for pCR would be 

83.9%. For patients who undergo surgery (current standard of 

care) after nCRT, postoperative ctDNA may further inform adju

vant treatment decisions. Patients with positive ctDNA post-sur

gery are at higher risk for recurrence and may benefit from adju

vant therapy (e.g., immunotherapy), while those with negative 

ctDNA post-surgery may only need standard follow-up care.

DISCUSSION

In this prospective study of 132 patients with locally advanced 

resectable ESCC treated with nCRT followed by response diag

nostic tests and surgery, we provide evidence that integrating 

molecular diagnostics (ctDNA-based MRD detection) with con

ventional clinical diagnostics improves the accuracy of residual 

disease detection after nCRT. Moreover, our findings support 

postoperative ctDNA status as a prognostic marker for recur

rence risk and a potential predictive biomarker for benefit from 

adjuvant therapy. These findings support the incorporation of 

ctDNA-based MRD evaluation into the current neoadjuvant 

and perioperative management paradigm to enable adaptive 

and individualized treatment for ESCC patients.

The adoption of organ-sparing strategies as an alternative to 

standard esophagectomy for patients achieving cCR post-neo

adjuvant therapy requires a highly accurate diagnostic approach 

for residual disease detection. While the previous preSANO trial 

established the utility of CRE with endoscopic bite-on-bite biopsy 

and EUS-FNA for detecting major residual disease (>10% resid

ual cancer), the conventional clinical diagnostics have notable 

limitations, including the inability to assess systemic MRD, using 

invasive diagnostic procedures, and technical difficulties in sus

pected lymph node aspirations.26 Importantly, from an oncolog

ical safety standpoint, even 1%–10% residual cancer should 

ideally be identified, as true pCR is a more appropriate selection 

criterion for safe organ preservation than MPR. However, previ

ous studies demonstrated that conventional clinical diagnostics 

exhibited substantial false-negative rates in residual disease 

detection, misclassifying 23% of non-pCR patients as cCR in 

the European preSANO cohort26 and 18.3% in the Asian preSINO 

cohort.19 These limitations highlight the need for a more sensitive 

diagnostic approach to capture MRD and ensure oncological 

safety for organ preservation candidates.

ctDNA has emerged as a transformative biomarker, with 

recent studies extending its role beyond prognosis to predicting 

treatment response.11,30–32 However, its utility in identifying cCR 

post-nCRT in esophageal cancer remains unclear. A key ques

tion is how to effectively integrate ctDNA-based MoRE with con

ventional CRE strategies to improve diagnostic accuracy. 

Notably, the clinical validity of ctDNA depends on assay design. 

A retrospective study involving 31 esophageal cancer patients 

reported that a small fixed-panel ctDNA assay was ineffective 

for residual disease detection after nCRT.23 More recent studies 

highlight the superiority of tumor-informed personalized assay 

over tumor-naive fixed-panel assays due to its greater sensitivity 

and ability to address tumor heterogeneity.13,33 In our study, we 

comprehensively compared the sensitivity of three ctDNA as

says, including a tumor-informed personalized panel, a tumor- 

naive fixed panel, and a tumor-informed fixed panel, alongside 

standard clinical diagnostic methods, in detecting residual dis

ease in ESCC treated with nCRT. The tumor-informed personal

ized panel demonstrated the highest positivity and the lowest 

limit of detection, both before and after treatment, supporting 

its superior sensitivity.13 Notably, our findings reveal a higher 

baseline ctDNA-positive rate (99.2%) by personalized assay 

compared to rates reported in previous studies (60%–70%)21–25

using fixed-panel assays. These custom fixed panels covered 

only 2.4%–10.0% of the patient-specific variant sites tracked 

by our tumor-informed personalized panel. Furthermore, among 

the variants selected for tracking in our personalized assay, 

99.5% were unique to individual patients, reflecting minimal in

ter-patient overlap. These findings highlight the biological het

erogeneity of ESCC and provide a rationale for the superior 

sensitivity of tumor-informed personalized assays in detecting 

MRD. As an illustrative example, in the small subset of patients 

with clinical stage IVa disease, which is commonly associated 

with a greater tumor burden, the tumor-naive fixed panel showed 

a low ctDNA detection rate (22.2%). This may reflect both the 

small sample size and the limited ability of fixed panels to cap

ture patient-specific mutations, particularly in advanced tumors 

with high genomic heterogeneity. In contrast, the tumor- 

informed personalized assay detected ctDNA in all stage IVa 

cases and maintained high detection rates across other stages, 

suggesting its robustness under biologically and technically 

challenging conditions. Importantly, our study showed that 

combining ctDNA with conventional clinical diagnostics reduced 

the false-negative rate for detecting any residual disease by 

around 13%, helping prevent misclassification of non-pCR pa

tients as cCR and allowing timely interventions.

Our study revealed that post-nCRT ctDNA assessment could 

identify patients at risk of postoperative distant metastasis, even 

among those classified as cCR by conventional CRE. This high

lights the value of ctDNA as a molecular supplement to conven

tional clinical diagnostics, which fails to identify high-risk patients 

with occult systemic residual disease. The SANO trial reported 

high distant recurrence rates in cCR patients assessed by con

ventional CRE methods, regardless of undergoing surgery 

(34%) or active surveillance (43%).9,10 These findings highlight 

the limitations of conventional diagnostic methods, which primar

ily focus on locoregional tumor assessment (e.g., endoscopy) or 

Figure 6. Proposed strategy for integrating ctDNA testing into post-neoadjuvant management of esophageal cancer 

(A) Summary of residual disease evaluation and outcome stratification for ESCC patients receiving neoadjuvant therapy and surgery. The diagram illustrates four 

types of residual disease changes based on locoregional residual disease and molecular residual disease status, with corresponding prognostic implications. 

(B) Graphical illustration of a proposed improved clinical pathway incorporating ctDNA testing for response evaluation and postoperative risk stratification. The 

upper panel shows the current standard-of-care pathway, while the lower panel outlines an adaptive management strategy using ctDNA-based molecular 

response evaluation to guide adaptive treatment decisions.
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macroscopic metastasis identification (e.g., PET-CT imaging), 

and emphasize the need for systemic MRD evaluation through 

methods such as ctDNA analysis. Importantly, it should be noted 

that salvage surgery will not be a feasible option if distant dissem

ination occurs during active surveillance for patients classified as 

cCR, leading to the failure of ‘‘Watch and Wait’’ strategy. In this 

context, our findings support the use of ctDNA to improve identi

fication of cCR patients truly suitable for active surveillance. 

Among patients evaluated as cCR by conventional CRE (biopsy 

and EUS-FNA), the distant recurrence rate within 1 year was 

significantly lower (2.7%) in those who were ctDNA negative 

post-nCRT compared to those who had positive ctDNA post- 

nCRT (19.0%).19 This indicates that ctDNA negativity after nCRT 

may serve as a strong indicator for selecting patients at low risk 

of distant recurrence who could benefit from non-surgical man

agement. While integrating ctDNA with conventional diagnostics 

reduced false-negative rates for residual disease detection, it 

increased the classification of pCR patients as non-clinical com

plete responders. Notably, the 11 pCR patients with positive 

ctDNA post-nCRT exhibited significantly higher postoperative 

distant metastasis rates (4/11, 36.4%), indicating possible occult 

systemic residual disease. However, some patients remained 

recurrence free, highlighting the need for specificity optimization 

to reduce overtreatment risk. Therefore, combining ctDNA anal

ysis with imaging (e.g., PET-CT radiomics) or other biomarkers 

is warranted in future studies to robustly differentiate ‘‘true’’ 

from possibly ‘‘false’’ positive results. Such integrated ap

proaches may help optimize treatment intensity while preserving 

oncological safety.

Currently, there is a lack of effective methods for postoperative 

risk stratification in patients with esophageal cancer after neoad

juvant therapy. Despite the use of combined neoadjuvant therapy 

and surgery, recurrence rates remain high for esophageal can

cer.34–36 The CheckMate 577 trial demonstrated that adjuvant 

immunotherapy reduces recurrence and improves DFS.28 How

ever, apart from non-pCR, decisions regarding adjuvant immuno

therapy often rely on clinical judgment, which may lead to over

treatment or undertreatment in some patients. Given that ctDNA 

testing has been shown to predict the recurrence risk, it may serve 

as a valuable tool to guide adjuvant therapy in solid tumors. The 

GALAXY study showed that significant benefit from adjuvant 

chemotherapy was observed in colorectal cancer patients with 

post-surgical ctDNA positivity but not in those with ctDNA nega

tivity, suggesting that ctDNA testing could guide adjuvant treat

ment decisions.11 Similarly, the DYNAMIC study demonstrated 

that a ctDNA-guided strategy in stage II colon cancer reduced 

the use of adjuvant chemotherapy without compromising sur

vival.15 Our study provides supportive data for the use of ctDNA 

analysis in postoperative risk stratification in ESCC. Specifically, 

we show that postoperative ctDNA positivity may serve as a 

useful biomarker for identifying patients who could benefit from 

adjuvant immunotherapy for ESCC undergoing nCRT. Impor

tantly, we observed that even pCR patients—those theoretically 

cured—had worse survival outcomes when ctDNA was positive 

after surgery, indicating a potential need for adjuvant therapy. 

Additionally, non-pCR patients with positive ctDNA post-surgery 

benefited significantly from adjuvant immunotherapy, while non- 

pCR patients with negative ctDNA post-surgery did not. This sug

gests that ctDNA-negative patients might not require adjuvant 

immunotherapy after surgery, potentially reducing unnecessary 

treatment-related side effects and economic burden.

In conclusion, this prospective cohort study from the preSINO 

trial evaluated the clinical value of ctDNA in guiding perioperative 

decision-making after neoadjuvant therapy by assessing the 

ctDNA-based MRD status at key perioperative time points (base

line, post-nCRT, and post-surgery). We demonstrated the poten

tial of personalized ctDNA analysis in identifying residual disease 

post-neoadjuvant treatment, thereby supporting organ-sparing 

strategies. Additionally, postoperative ctDNA positivity stratified 

recurrence risk and informed adjuvant therapy decisions. Our 

findings highlight the transformative potential of ctDNA in enabling 

adaptive, individualized treatment strategies. Importantly, ctDNA 

is optimally applied in conjunction with standard response evalu

ation and surveillance diagnostics, offering a complementary 

approach that enhances sensitivity and reduces the risk of under

treatment. This study provides important evidence supporting a 

shift from empiric treatment paradigms toward molecularly guided 

precision oncology in esophageal cancer management.

Limitations of the study

This study had several limitations. First, our exploratory study 

was observational in nature and lacked intervention based on 

ctDNA detection. Our findings demonstrate the potential utility 

of ctDNA-guided adaptive management in ESCC. However, the 

absence of protocol-directed interventions, non-randomized 

design, and limited cohort size necessitate cautious interpretation 

of our work. Larger intervention studies and randomized trials are 

required to validate our proof-of-concept findings. We have initi

ated a clinical trial (NCT06861894) to validate organ-sparing 

selection based on ctDNA analysis combined with conventional 

clinical diagnostics. Second, our study only included ESCC, and 

the applicability of ctDNA for residual disease detection following 

neoadjuvant therapy in esophageal adenocarcinoma (EAC) re

quires further investigation. Nevertheless, the demonstrated utility 

of tumor-informed personalized ctDNA assay in multiple cancers 

with different genetic backgrounds and biology13,31,37 suggests 

its potential applicability in EAC. A recent small-scale study in 

23 EAC patients achieving pCR revealed that post-surgical ctDNA 

positivity correlated with increased recurrence risk, aligning with 

our ESCC observations. Further large-scale studies are needed 

to confirm the utility of ctDNA in EAC. Third, while our study high

lights the potential clinical value of tumor-informed personalized 

ctDNA testing, a major limitation is the higher cost, which may 

hinder real-world implementation. In the United States, clinical 

adoption of personalized ctDNA (e.g., Signatera) has been facili

tated by reimbursement from the Centers for Medicare & 

Medicaid Services for indications including adjuvant and/or recur

rence monitoring in colorectal cancer,38 bladder cancer,39 breast 

cancer,31 and ovarian cancer.40 However, in countries where such 

testing is not yet included in public reimbursement programs, 

such as most regions in Europe and China, the cost may limit 

routine adoption. This is likely due to insufficient region-specific 

clinical evidence to support cost-effective evaluations and reim

bursement decisions. Taking the perioperative management of 

esophageal cancer as an example, this technology may offset ex

penses by reducing overtreatment (e.g., unnecessary surgery) in 
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low-risk individuals and preventing costly metastatic progression 

through early adjuvant intervention in high-risk patients, thus 

potentially reducing associated healthcare expenses. Continued 

technological improvements and the accumulation of clinical 

data from diverse populations, including European41,42 and 

Asian11,13,43 cohorts, will further support clinical feasibility and 

cost reduction. To enable broader adoption, future research 

should prioritize technology assessments, cost-effectiveness, 

and optimized workflows that balance sensitivity, feasibility, and 

affordability. Fourth, non-genetic-based liquid biopsy such as 

epigenomic- and fragmentomic-based assays have also emerged 

as promising tools for MRD detection.44–46 These tumor-naive as

says offer the advantage of not requiring matched tumor tissues to 

detect MRD and have demonstrated promising sensitivity in some 

settings. However, our study did not compare the performance of 

the tumor-informed personalized assay with the aforementioned 

non-genetic assays; future head-to-head comparisons are war

ranted to evaluate their relative performance. These methods 

may serve as complementary tools to tumor-informed assays, de

pending on clinical context and resource availability.47 Addition

ally, no gender-stratified analyses were conducted.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and participants

This study (Figures 1 and S1) was an exploratory analysis of the preSINO (pre-Surgery If Needed for Esophageal cancer) trial 

(ClinicalTrials.gov registration: NCT03937362, details provided in the next section).19 This trial is a prospective multicenter diagnostic 

trial to assess the accuracy of conventional clinical diagnostic modalities for detecting residual disease after nCRT in ESCC at three 

high-volume Asian centers: Shanghai Chest Hospital (Shanghai), Queen Mary Hospital (Hong Kong), and Chang Gung Memorial 

Hospital-Linkou (Taiwan).

The inclusion criteria for eligible patients were: (1) gender of male or female, aged 20–75 years; (2) performance status (Eastern 

Cooperative Oncology Group (ECOG) score of 0–2; (3) histologically confirmed squamous-cell carcinoma of thoracic esophagus; 

(4) resectable locally advanced stage (T1N + M0, cT2-4aN0/+M0) based on the TNM classification (8th American Joint Committee 

for Cancer staging system)52 before the receipt of any treatment; (5) able to undergo curative surgical resection preceded by 

nCRT according to the CROSS regimen consisting of 5 weekly cycles of carboplatin and paclitaxel with 41.4 Gy radiotherapy in 

23 sessions.3 Exclusion criteria included: patients with a second primary tumor, unresectable or metastatic disease, a history of other 

cancers, or a previous history of cancer treatment. In this study, all 132 participants were East Asian (Han Chinese). Gender-related 

data was based on self-report and was consistent with each participant’s sex assigned at birth. This study cohort comprised 21 fe

males (15.9%) and 111 males (84.1%). No gender-stratified analyses were conducted, as the study was not powered to evaluate 

gender-based differences, which we acknowledge as a limitation.

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Pre-treatment tumor biopsy samples of esophageal 

squamous cell carcinoma patient (preSINO study)

This study https://clinicaltrials.gov/ct2/show/NCT03937362

Blood samples of esophageal squamous cell carcinoma 

patient (preSINO study)

This study https://clinicaltrials.gov/ct2/show/NCT03937362

Critical commercial assays

HS UMI library prep kit Burning Rock Cat#RS07P-12

MagPure FFPE DNA/RNA LQ kit Magen Cat#D6323-500R

MagPure Universal DNA Kit Magen Cat#MD5105-02

QIAamp Circulating Nucleic Acid kit Qiagen Cat#55114

Deposited data

ctDNA sequencing data of 132 ESCC patients This paper GSA-human: HRA010802 (https://ngdc.cncb.ac.cn/ 

gsa-human/browse/HRA010802)

Whole-exome sequencing data of tumor tissue from 

132 ESCC patients

This paper GSA-human: HRA010802 (https://ngdc.cncb.ac.cn/ 

gsa-human/browse/HRA010802)

Software and algorithms

ANNOVAR (20160201) Wang et al.50 RRID: SCR_012821

SnpEff (v4.3) Cingolani et al.51 RRID: SCR_005191

R (v4.3.1) R Foundation for 

Statistical Computing

https://www.r-project.org/

SPSS (v29.0) IBM https://www.ibm.com/spss

GraphPad Prism (v10.2.0) GraphPad Software https://www.graphpad.com/

Code used for bioinformatics analysis of tumor-informed 

personalized ctDNA assay

Chen et al.13 https://github.com/bnr-cdx/prophet

Other

Cell-Free DNA BCT tubes Streck Cat# 230244

Novaseq 6000 System Illumina Cat# 20012850

The reference human genome (GRCh37; hg19) NCBI GCF_000001405.13

Cell Reports Medicine 6, 102334, September 16, 2025 e1 

Article
ll

OPEN ACCESS

http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT03937362
https://clinicaltrials.gov/ct2/show/NCT03937362
https://ngdc.cncb.ac.cn/gsa-human/browse/HRA010802
https://ngdc.cncb.ac.cn/gsa-human/browse/HRA010802
https://ngdc.cncb.ac.cn/gsa-human/browse/HRA010802
https://ngdc.cncb.ac.cn/gsa-human/browse/HRA010802
https://www.r-project.org/
https://www.ibm.com/spss
https://www.graphpad.com/
https://github.com/bnr-cdx/prophet


Details of the preSINO trial have been described previously.19,53 In brief, after the completion of nCRT, participants were scheduled 

to undergo one or two CRE based on conventional diagnostic modalities for residual disease assessment after nCRT. CRE included 

upper gastrointestinal endoscopy with bite-on-bite biopsies of primary lesion and EUS-FNA of suspected lymph nodes. The detailed 

process is as follows (Figure S2): Four to six weeks after completion of nCRT, patients underwent a first CRE (CRE-1) with endoscopic 

bite-on-bite biopsies. In cases with residual disease (as proven by biopsies with pathologically vital tumor cells), as well as in case of 

biopsies with high-grade dysplasia or endoscopic non-traversable stenosis, CRE-1 was considered positive and the patient was 

identified as incomplete responder. These patients underwent immediate surgery if no distant metastases were present on PET- 

CT. In patients without histological evidence of residual tumor (negative biopsies), patients received a second CRE (CRE-2) at 10– 

12 weeks after completion of nCRT, consisting of endoscopic bite-on-bite biopsy, EUS-FNA, and PET-CT. Immediately after 

CRE-2, all patients underwent surgery unless distant metastases were found during the PET-CT scan. Only patients that proceeded 

to surgery were included for analysis as surgical pathology is required as the gold standard for pathological response diagnosis. 

Pathological responses from the resection specimen were collected. The combined accuracy of both CRE-1 and CRE-2 for detecting 

residual disease before surgery was correlated to the pathological response in the resection specimen (gold standard) for calculation 

of the diagnostic accuracy (e.g., sensitivity and false negative rate).

Our hypothesis, derived from findings in our prior preSANO trial,26 was that conventional CRE methods (endoscopic biopsies and 

EUS-FNA) may not sufficiently detect systemic residual disease. Accordingly, ctDNA-based molecular response evaluation (MoRE) 

was incorporated as an exploratory endpoint in the preSINO trial. To perform ctDNA analysis, serial blood samples were prospec

tively collected at multiple prespecified time points: at baseline prior to nCRT, post-nCRT simultaneously with conventional CRE 

(CRE-1 and CRE-2), post-surgery (3–4 weeks [F1] and 3-to-6 months [F2]), whenever possible. Baseline tumor tissues prior to 

nCRT were also collected for whole-exome sequencing (WES) to design personalized ctDNA panels. Overall, between August 

2019 and January 2023, of the 242 eligible patients included for the primary endpoint analysis of the preSINO trial, a total of 132 pa

tients with available qualified paired tumor tissue and blood samples for ctDNA analysis were defined as the biomarker evaluable set 

(BES) and were included in the present study (Figure S1). The remaining patients were excluded from analysis due to the unavailability 

of baseline specimens, with reasons shown in Figure S1.

The objective of this study (Figure 1) was to assess the accuracy and clinical feasibility of ctDNA-based MoRE in predicting residual 

disease after nCRT and disease recurrence after surgery. This study comprised three parts: (1) comparing the performance of three 

ctDNA assays, including a tumor-informed personalized panel, a tumor-naı̈ve fixed panel, and a tumor-informed fixed panel; (2) 

assessing the diagnostic value of ctDNA-based MoRE at post-nCRT time point, either alone or in combination with conventional 

diagnostic methods, for detecting residual disease; (3) evaluating the predictive ability of ctDNA-based MoRE at post-surgery 

time point following nCRT for predicting disease recurrence and guiding adjuvant therapy selection.

This study was approved by the Ethics Committee of Shanghai Chest Hospital (approval number: IS22006) and was performed 

in accordance with the Declaration of Helsinki in 1964 and its current amendments. All participants provided written informed 

consent.

METHOD DETAILS

Study outcomes and objectives

The treatment response to nCRT was defined by histopathologic examination of the resection specimens by experienced patholo

gist. The entire resected tumor and all lymph nodes were evaluated, and pathological tumor regression was assessed by estimating 

the percentage of residual viable tumor in the macroscopically identifiable tumor bed using the Chirieac tumor regression grade 

(TRG) system54: no residual tumor cells (TRG1), 1–10% residual tumor cells (TRG2), 11–50% residual tumor cells (TRG3), and 

more than 50% residual tumor cells (TRG4). Residual disease was divided into two categories: (1) non-pathological complete 

response (non-pCR), defined as any (≥1%) residual cancer cells; (2) non-major pathological response (non-MPR), defined as 

>10% residual cancer cells of the primary tumor (TRG3–4) and/or any residual cancer cells of the lymph nodes, regardless of the 

primary tumor response (including TRG1–2ypN+). To assess the performance of ctDNA alone or in combination with conventional 

CRE to predict residual disease, sensitivity, specificity, false-negative rate (FNR), negative predictive value (NPV) and positive pre

dictive value (PPV) were calculated.

Disease-free survival (DFS) was defined as the time from the surgery to recurrence or death due to any cause. Overall survival (OS) 

was defined as the time from surgery to death. To assess the performance of ctDNA to predict postoperative recurrence, postop

erative recurrence rate, DFS and OS were compared between ctDNA positive and ctDNA negative groups.

Postoperative adjuvant immunotherapy

The administration of adjuvant immunotherapy in the present preSINO study was influenced by the evolving clinical guidelines and 

regulatory approvals during the study period (2019–2023). Based on the results of CheckMate577 trial,28 adjuvant immunotherapy 

(Nivolumab, a PD-1 inhibitor) was recommended for completely resected esophageal cancer with any pathologic residual disease 

(referred to non-pCR) in patients who had received nCRT by the NCCN Guidelines for the Esophageal and Esophagogastric Junction 

Cancers in 2022 and by the Chinese Society of Clinical Oncology Guidelines in 2022. In current clinical practice, patients with pCR 

generally do not receive adjuvant immunotherapy, while those with non-pCR are recommended to undergo it.29
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In this study, patient enrollment spanned from August 2019 to January 2023; at the time of study initiation in 2019, there were no 

established adjuvant treatment recommendations for esophageal cancer patients following nCRT and surgery. Therefore, the study 

design did not mandate postoperative adjuvant therapy. As a result, none of the patients with pCR in our study received adjuvant 

immunotherapy, consistent with current clinical practice. For non-pCR patients enrolled between 2019 and 2021, adjuvant immuno

therapy was not routinely administered, as it had not yet been endorsed by clinical guidelines or regulatory agencies. However, 

following the publication of CheckMate-577 trial and the subsequent updates to the NCCN and China guidelines, some non-pCR 

patients enrolled between 2022 and 2023 did receive adjuvant immunotherapy. This timeline reflects the dynamic nature of clinical 

practice and guideline updates during the study period. The differential administration of adjuvant immunotherapy in non-pCR pa

tients is a result of the study’s longitudinal design, which spanned a period of evolving evidence and regulatory approvals.

Postoperative follow-up

The first follow-up visit was 1 month after surgery. Patients were then regularly followed up every 3–6 months during the first 2-year 

period, and every 6–12 months thereafter. In the present study, the cutoff date for follow-up data collection was January 2025, with a 

minimum follow-up period of 20 months and a maximum of 48 months. Followed-up evaluations included physical examinations, 

routine blood tests, chest-abdominal CT scan, and ultrasonography of the neck. Upper gastrointestinal endoscopy was performed 

every 6 months in the first 2 years and once a year thereafter. Additional examinations were conducted based on the judgments of the 

attending physician.

Based on the first relapse pattern, recurrences were classified as locoregional or distant disease. Locoregional recurrences were 

defined as recurrences within the esophagus, anastomosis site, or regional lymph nodes. Distant recurrences were defined as he

matogenous organ metastases (such as lung, liver, and bone), peritoneal carcinomatosis, or malignant pleural effusions.

Sample collection, processing and sequencing

All sample collection procedures complied with the regular routine in clinical practice and written informed consent was obtained 

before sampling.

Pretreatment tumor samples were obtained for WES from the primary esophageal tumor lesion before nCRT via endoscopic bi

opsy. Tumor tissue samples that contained less than 30% cancer cells were excluded (Figure S1). Tumor genomic DNA (gDNA) 

was extracted from formalin-fixed, paraffin-embedded (FFPE) tumor tissue specimens using MagPure FFPE DNA/RNA LQ kit (Ma

gen, Guangzhou, China). Matched genomic DNA was extracted from EDTA-anticoagulated peripheral whole blood or buffy coat 

samples using MagPure Universal DNA Kit (Magen, Guangzhou, China) according to the manufacturer’s instructions. Subsequently, 

50–200 ng DNA samples underwent WES library preparation, exome capture, quantification and sequencing on a NovaSeq 6000 

platform (Illumina, San Diego, CA, US), with 2 × 151bp paired-end reads and a mean target coverage of 500x for tumor samples 

and 150x for paired normal samples, as previously described.13

Approximately 20 mL of peripheral blood at each predefined time point was collected by Cell-Free DNA BCT tubes (Streck, La 

Vista, NE, USA). The collected blood sample was centrifuged at 2,000 g at 4◦C for 10 min within 72h of collection. The supernatant 

plasma was then transferred to a 15mL centrifuge tube and centrifuged at 16,000 g at 4◦C for 10 min. The supernatant was then trans

ferred to a new tube and stored at − 80◦C for further analysis. Plasma circulating cell-free DNA (cfDNA) was extracted using the 

QIAamp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany). 20–60 ng cfDNA was subjected to three ctDNA assays of MRD. Ul

tra-deep UMI-based sequencing was performed on a NovaSeq 6000 platform (Illumina, San Diego, CA, US), with 2 × 151bp paired- 

end reads and a target raw depth of 100,000x for the personalized panel and 35,000x for the fixed panel.

Personalized ctDNA assay for MRD detection

The tumor-informed personalized panel used in this study was based on the CanCatch (PROPHET) platform (Burning Rock Biotech, 

Guangzhou, China), which has been fully described in our previous publication.13 The complete bioinformatics algorithm analysis 

code for measuring ctDNA is publicly available at GitHub (https://github.com/bnr-cdx/prophet).

Patient-specific somatic variants were identified through the analysis of WES data obtained from the primary tumor and matched 

normal white blood cell. The analysis of WES data was as previously described.13 In brief, after adapter trim, mapping, quality-control 

(QC) process, single nucleotide variants (SNVs) and insertions/deletions (INDELs) were called if the variant supporting reads≥5 and 

mutation variant allele frequency (VAF)≥3%. Variants with a population frequency>0.5% in tumors were excluded as single-nucle

otide polymorphisms (SNPs). To exclude germline mutations, we calculated the fold change of tumor VAF and its paired-normal VAF. 

All variants with the fold change less than 3 or both VAFs greater than 10% were excluded. All variants passing the applied filters were 

annotated with ANNOVAR50 and SnpEff v4.3.51

Up to 50 highly ranked variants with a VAF≥3% were selected with in-house priority rules. Additionally, variants falling in the re

petitive regions, regions with a high GC content (>75%), and homologous regions were filtered out. The biotinylated capture probe 

pool was produced in-house based on each personalized panel design.

The cfDNA was sequenced by the personalized panel and the sequencing data were extracted by UMI adapters, mapped, and 

filtered. The assumption of a Poisson distribution was used to calculate the significance of somatic mutations for the tumor-informed 

personalized panel, as previously described.13 Significant sites were defined as those with p value < 0.05. The sample significance 

was determined by chi-square distribution. The ctDNA MRD positive status based on the personalized panel was defined as having 
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two or more significant sites and a sample-level p value < 0.005. The ctDNA fraction in plasma samples was estimated based on 

multiple loci using the maximum likelihood (ML) method, as previously described.13

Somatic mutation caller for fixed targeted panel

The fixed panel spanning 273 kb of the human genome, covering 168 genes (Burning Rock Biotech, Guangzhou, China; Table S3

provides the gene list)55,56 that are frequently mutated in common cancers was used, which has been validated in the Food and 

Drug Administration (FDA)-led Sequencing Quality Control Phase 2 (SEQC2) project.20 The raw sequencing data analysis and tu

mor-agnostic somatic mutation calling were performed with in-house bioinformatics pipeline, as previously described.57

For the tumor-naı̈ve fixed panel, MRD was considered positive if any of the following criteria were met: (1) Driver SNV/INDEL≥1 

high-quality reads (family size≥2 or duplex size≥1) and AF≥0.01%. (2) Passenger SNV/INDEL≥2 high-quality reads (family size≥2 

or duplex size≥1) and AF≥0.1%. (3) Driver fusion≥3 high-quality reads or passenger fusion≥15 high-quality reads.

For the tumor-informed fixed panel, paired tumor tissue was used to guide variant calling. Specifically, in plasma samples, any 

SNV/INDEL not detected in the paired tumor tissue was considered a false positive and excluded from MRD reporting. Otherwise, 

SNV/INDELs with supporting reads≥4 or VAF ≥0.1% were considered positive and reported.

The analytical pipeline, including sequencing platform, panel design, bioinformatics filtering, and variant interpretation logic, was 

also reported in previously publication.13

QUANTIFICATION AND STATISTICAL ANALYSIS

Continuous variables were compared using the Mann-Whitney or Kruskal–Wallis test in cases of nonnormal distribution. Categorical 

variables were compared using the Chi-square test or Fisher’s exact test, as appropriate. Survival was estimated by the Kaplan- 

Meier method, and differences of survival between groups were compared with the log rank test. Hazard ratios (HR) with correspond

ing 95% confidence intervals (CI) were estimated using the univariable Cox proportional-hazards regression model. Multivariable 

Cox proportional-hazards regression model was used to assess the association between variables and survival, adjusting for poten

tial confounders. We used R (version 4.4.1), SPSS (version 29.0) and GraphPad Prism (version 10.2.0) for data analyses and graphical 

plotting. A p-value<0.05 was considered statistically significant. Details of statistical tests for the various analyses are described in 

the relevant methods section and in the respective figure legends.

ADDITIONAL RESOURCES

The study has been registered on Clinicaltrials.gov (NCT03937362): https://clinicaltrials.gov/study/NCT03937362.
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