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ABSTRACT 
Background. For patients with colorectal liver metastases 
(CRLM) who receive neoadjuvant therapy (NAT), reliable 
indicators that can early and accurately predict treatment 
response are lacking. This study was conducted to prospec-
tively investigate the potential of early circulating tumor 
DNA (ctDNA) dynamics as a precise predictor of NAT 
response and recurrence in CRLM.
Methods. This study prospectively enrolled 34 patients 
with CRLM who received NAT, with blood samples col-
lected and subjected to deep targeted panel sequencing 
at two time points: 1 day before the first and the second 
cycles of NAT. Correlations of ctDNA mean variant allele 
frequency (mVAF) dynamics and treatment response were 
assessed. The performance of early ctDNA dynamics in 
predicting treatment response was assessed and compared 
with those of carcinoembryonic antigen (CEA) and cancer 
antigen 19-9 (CA19-9).
Results. The baseline ctDNA mVAF was significantly asso-
ciated with pre-NAT tumor diameter (r = 0.65; P < 0.0001). 
After one cycle of NAT, the ctDNA mVAF declined remark-
ably (P < 0.0001). The dynamic change in ctDNA mVAF of 
50% or more was significantly correlated with better NAT 

responses. The discriminatory capacity of ctDNA mVAF 
changes was superior to that of CEA or CA19-9 in predict-
ing radiologic response (area under the curve [AUC], 0.90 
vs 0.71 vs 0.61) and pathologic tumor regression grade 
(AUC, 0.83 vs 0.64 vs 0.67). The early changes in ctDNA 
mVAF but not CEA or CA19-9 were an independent indica-
tor of recurrence-free survival (RFS) (hazard ratio, 4.0; P 
= 0.023).
Conclusions. For CRLM patients receiving NAT, an early 
ctDNA change is a superior predictor of treatment response 
and recurrence compared with conventional tumor markers.

Colorectal cancer (CRC) is the third most common can-
cer and the second leading cause of cancer-related death 
worldwide.1 The liver remains the most common organ of 
CRC distal metastasis, and curative-intent resection has long 
been the standard of care for resectable CRC liver metastases 
(CRLM).2 However, a high rate of recurrence still constrains 
the long-term survival for the majority of CRLM patients.3

Although recent studies have demonstrated that neoadju-
vant therapy (NAT) might be beneficial, especially for those 
with a high recurrence risk, a subset of patients remains who 
respond poorly to NAT and cannot benefit from the treat-
ment.4 In current clinical practice, the treatment response 
of CRLM patients to NAT is commonly evaluated by imag-
ing tests. However, before a reliable radiologic response 
assessment is applicable, several cycles of chemotherapy 
still are needed. This exposes the non-responders to unnec-
essary toxicity and also may delay their access to alternative, 
potentially more effective therapeutic regimens. Thus, iden-
tification of reliable biomarkers that can predict response to 
NAT early is urgently needed.5
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In recent years, liquid biopsy has shown great application 
potential as a surrogate biomarker for cancer diagnosis and 
treatment monitoring.6 Circulating tumor DNA (ctDNA), 
a subset of plasma cell-free DNA (cfDNA), is found in the 
peripheral blood of tumor patients due to the continuous 
release of fragmented DNA from necrotic cancer cells and 
shows a high concordance with tumor tissue as to genomic 
alterations.7 Recent evidences have shown that plasma 
ctDNA could offer a minimally invasive and highly sensitive 
approach for early screening, disease monitoring, prognos-
tication, and therapeutic response assessment in gastroin-
testinal cancers.8

In the neoadjuvant setting, existing evidences indicate 
that the application of ctDNA detection alone or in com-
bination with conventional imaging methods can accu-
rately predict pathologic response and clinical outcome 
in local advanced rectal cancer and breast cancer.9–14 For 
CRLM patients receiving NAT, however, the role of ctDNA 
dynamic changes in response and prognosis prediction has 
not been deeply investigated. Because ctDNA levels are 
influenced by tumor type, size, and metastatic site, recent 
studies have shown that CRC patients with liver metastases 
have a significantly higher level of ctDNA than patients with 
other metastatic sites.15,16 This indicates that ctDNA has a 
natural advantage as an ideal surrogate marker to monitor 
the burden of liver metastases, especially for patients with 
negative carcinoembryonic antigen (CEA) or cancer anti-
gen 19-9 (CA19-9). On the other hand, the half-life time 
of ctDNA is about 2 h, which is much shorter than that of 
clinical tumor markers.17

All the aforementioned evidences indicate that the 
dynamics of ctDNA may reflect the real-time tumor bur-
den and treatment response earlier and more accurately than 
conventional tumor markers. However, most previous stud-
ies collected blood samples and profiled ctDNA after all 
cycles of NAT or before surgery, so the role of early dynamic 
changes of ctDNA in the response prediction remain unclear.

This study investigated the potential of early dynamic 
changes in ctDNA as a precise predictor of NAT response 
and CRLM recurrence, especially compared with conven-
tional tumor markers.

METHODS

Study Design and Patient Enrollment

This observational, prospective cohort study recruited 
patients with resectable or borderline resectable CRLM 
treated with NAT and subsequent surgical resection. The 
study was designed and conducted in accordance with the 
Declaration of Helsinki and received approval from the 
Ethics Committee of Huashan Hospital, Fudan University 
(approval no. KY2019-606). Written informed consents for 

sample collection and genetic profiling were obtained from 
the patients. The study was registered at the Chinese Clinical 
Trial Registry (ChiCTR2100043990).

The primary end point of the current study was whether 
early ctDNA dynamics during NAT are predictive of 
response and recurrence for CRLM.

The specific key inclusion criteria specified patients 18 
to 75 years of age with an Eastern Cooperative Oncology 
Group (ECOG) score of 0 or 1, pathologically confirmed 
colorectal cancer with synchronous or metachronous liver 
metastases, resectable or borderline resectable liver metas-
tases, and NAT before surgery recommended after an insti-
tutional multidisciplinary team (MDT) evaluation. The 
exclusion criteria ruled out patients with extensive liver 
metastases, unresectable extrahepatic metastases, NAT 
already received or refused, refusal to undergo serial blood 
collection for biomarker analyses, blood samples that did not 
pass the quality control, no qualification for ctDNA detec-
tion, and refusal to undergo subsequent surgery after NAT. 
Between March 2019 and December 2021, 39 patients were 
prospectively recruited, and 34 patients were included in 
the final analysis.

Diagnostic, Treatment, and Follow‑up Procedures

The specific information of the diagnostic procedure is 
summarized in supplementary methods. For the patients 
with potentially resectable liver metastases, MDT evaluation 
was performed by hepatobiliary surgeons, gastrointestinal 
surgeons, oncologists, radiologists, and pathologists. Neoad-
juvant therapy was suggested for patients with one or more 
inferior prognostic factors such as high clinical risk score 
(CRS), concurrent extrahepatic metastases, RAS/BRAF 
mutations, right-sided primary tumor, or other factors not 
suitable for upfront surgery.

The patients then were treated per the recommendations 
of the MDT, with NAT administered in 2-week cycles. The 
patients with resectable liver metastases were suggested to 
receive standard chemotherapy only (mFOLFOX6 or FOL-
FIRI), whereas those with borderline resectable liver metas-
tases received chemotherapy (mFOLFOX6, FOLFIRI, or 
FOLFOXIRI) plus anti-VEGF (bevacizumab) or anti-EGFR 
(cetuximab) targeted therapy based on RAS and BRAF gene 
mutation status. Adjustment in the dose and timing of chem-
otherapy and in the number of treatment cycles was decided 
by MDT discussion based on the radiologic response and 
chemotherapy-related toxicities. Surgery was scheduled 
to be performed within 4 to 6 weeks after completion of 
NAT. Before a resort to surgery, all the patients underwent 
MDT evaluation. For synchronous CRLM, simultaneous or 
staged operations were selected for different patients. After 
the operations, adjuvant therapy was suggested for all the 
patients.
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After surgical resection, all the patients underwent a 
standardized follow-up procedure to verify their recurrence 
and survival status. Routine follow‐up evaluation consisted 
of blood tumor marker levels, physical examination, colo-
noscopy, and enhanced computed tomography (CT) of the 
chest/abdomen/pelvic cavity. Scheduled follow-up evalua-
tion was performed every 3 months for the first 3 years, 
then every 6 months thereafter until 5 years. Recurrence-free 
survival (RFS) was defined as the time from hepatectomy 
to tumor relapse or last follow-up visit. Event-free survival 
(EFS) was defined as the time from diagnosis to tumor 
relapse or last follow-up visit.

NAT Response Evaluation

The radiologic response was evaluated based on the rela-
tive change in the sum of the longest diameters of measur-
able target lesions according to RECIST v1.1.18 The patients 
with stable disease (SD) or progressive disease (PD) were 
classified as radiologic non-responders, whereas those with 
a partial response (PR) or a complete response (CR) were 
classified as radiologic responders. Early tumor shrinkage 
(ETS) was defined as a tumor size decrease of 20% or more 
at week 8. Investigators were blinded to the results of ctDNA 
during NAT.

The pathologic response was evaluated using tumor 
regression grade (TRG) according to Mandard criteria as 
 follows19: TRG1 (absence of residual cancer and a large 
amount of fibrosis), TRG2 (rare residual cancer cells scat-
tered throughout the fibrosis), TRG3 (more residual tumor 
cells but predominant fibrosis), TRG4 (residual cancer 
cells predominating over fibrosis), and TRG5 (no signs of 
regression). The TRG status was evaluated by two independ-
ent investigators blinded to radiologic results. Pathologic 
responders were defined as patients achieving TRG1/2/3, 
whereas non-responders were defined as TRG4/5.

ctDNA Measurement and Cutoff Point for ctDNA Change

The peripheral blood samples 1 day before the first and 
second cycles of NAT were collected. For plasma superna-
tant collection, 10-ml peripheral blood samples were used. 
Determination of circulating mutated DNA was performed 
using a target Next-Generation Sequencing (NGS) panel 
covering of 61 cancer-related genes (Table S1) at 3D Medi-
cines, Inc., a clinical laboratory accredited by the College of 
American Pathologists (CAP) and certified by the Clinical 
Laboratory Improvement Amendments (CLIA). The details 
are in the Supplementary Data file.

Mean variant allele frequency (mVAF), defined as the 
average VAF of all variants detected, was chosen as the 
parameter that reflected the abundance of ctDNA in the 
plasma. Then the optimal cutoff points for ctDNA mVAF 

change to predict radiologic response, pathologic response, 
and recurrence-free survival (RFS) were evaluated. As dem-
onstrated in Tables S2, S3, and S4, ctDNA mVAF changes of 
40%, 50%, and 40% showed the best discrimination capacity 
of clinical (radiologic) response, pathologic response, and 
RFS benefit, respectively. The point of 50% also performed 
well (Youden index, 0.57) in predicting clinical response, 
whereas the point of 40% did not perform as well (Youden 
index, 0.41) in predicting pathologic response. We therefore 
chose an mVAF change of 50% as the cutoff point to divide 
patients into ctDNA responders and non-responders. Con-
sequently, ctDNA responders were defined as those with a 
ratio of a change in the second to baseline ctDNA mVAF of 
50% or more, whereas non-ctDNA responders were defined 
as those with ctDNA mVAF change of less than 50%.

Statistical Methods

Descriptive statistics were used for patient and tumor 
characteristics, with continuous variables summarized in 
terms of medians and ranges. A Pearson correlation test 
was performed to determine the linear association between 
continuous values. For comparison of ctDNA responders 
with non-responders, the chi-square test or Fisher’s exact 
test was used for categorical factors, whereas the t test or 
Mann-Whitney test was used for continuous parameters. The 
median follow-up time, median RFS time, and 1- and 3-year 
RFS rates were calculated by the Kaplan-Meier method. 
For the different groups, RFS curves were depicted using 
Kaplan-Meier plots and compared with the log-rank test.

The effects of individual clinical and mutational variables 
on RFS were evaluated by the univariable Cox proportional 
hazards model. Multivariable Cox regression analysis was 
performed to identify independent prognostic factors and 
determine their hazard ratios (HRs) and 95% confidence 
intervals (CIs). Receiver operating characteristic (ROC) 
curves were depicted for the variables, and the area under 
the curve (AUC) was calculated to compare their predictive 
performance.

All data analyses were performed using R (version 3.6.1) 
or GraphPad Prism software (version 8.0.2). In all analyses, 
P values lower than 0.05 from a two-sided test were consid-
ered statistically significant.

RESULTS

Clinicopathologic Characteristics and Treatment 
Outcomes

Between March 2019 and December 2021, 39 patients 
with resectable or borderline resectable CRLM were 
recruited. After initial screening, 37 patients fulfilled the 
inclusion criteria and received NAT. During NAT, one 
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patient gave up NAT for personal reasons and was excluded. 
After NAT, one patient who refused surgery for personal 
reasons also was excluded from further analysis. Another 
patient was excluded from analysis due to the lack of quali-
fied blood samples for ctDNA detection. Finally, 34 patients 
completed NAT and subsequent surgery according to the 
study protocol (Fig. 1).

Baseline demographics and clinicopathologic and treat-
ment characteristics of all the enrolled patients are presented 
in Table 1. The median age of the overall cohort was 59.5 
years (range, 32.0–74.0 years), and 44.1% were women. 
The cohort included 22 (64.7%) patients with synchronous 
metastasis and 12 (35.3%) patients with metachronous 
disease. In terms of primary tumor sidedness, 23 (67.6%) 
patients were left-sided, and 11 (32.4%) patients were right-
sided. Multiple liver metastases were present in 28 (82.4%) 
patients, and 20 (58.8%) patients had bilobar involvement. 
Among the cohort, 18 (52.9%) patients had positive primary 
nodal status, and 6 (17.6%) patients had extrahepatic metas-
tases. Abnormal CEA levels were present in 27 (79.4%) 
patients and abnormal CA19-9 levels in 15 (44.1%) patients. 
Pathology showed poorly differentiated tumors in 23.5% 
(8/34) of the cases.

The median courses of NAT were 4 (range, 3–8), with 16 
(47.1%) patients receiving only standard chemotherapy and 
18 (52.9%) patients receiving chemotherapy plus targeted 
therapy. The objective response rate (ORR) was 79.4%, and 

the disease control rate (DCR) was 97.1%. All the enrolled 
patients underwent surgery, with no perioperative mortal-
ity. Simultaneous resection was performed for 17 of the 
22 synchronous patients, whereas 5 patients underwent 
staged resection. In terms of pathologic response, 6 (17.6%) 
patients achieved TRG2, 16 (47.1%) patients achieved 
TRG3, and 12 (35.3%) patients achieved TRG4. During a 
median postoperative follow-up time of 18.5 months, the 
median RFS and EFS times were respectively 13.2 and 16.0 
months, and the 1-year RFS rate was 51.3% (Fig. S1). By the 
end of the follow-up period, 17 of the patients experienced 
recurrence, and 4 patients died of disease progression.

Baseline Mutational Status of ctDNA and Clinical 
Relevance

Somatic mutations in ctDNA were detected in all (100%) 
the patients at baseline. The mutational landscape of the 
baseline ctDNA is characterized and demonstrated in Fig. 
S2. A total of 114 mutations in 29 genes were identified, 
with 1 to 7 (median, 3) mutations detected in each sam-
ple. The most commonly detected genes were TP53 (74%), 
KRAS (29%), and PIK3CA (18%).

The baseline ctDNA mVAF had no correlation with clin-
icopathologic factors, except for tumor diameter (Fig. 2a; 
P < 0.0001). Compared with CEA and CA19-9, mVAF 
demonstrated a stronger correlation with tumor diameter, 

FIG. 1  Flow diagram showing 
the study design. The number 
of patients included in each 
of the analysis end points and 
the reasons for exclusion are 
depicted. CRLM colorectal liver 
metastases; ECOG Eastern 
Cooperative Oncology Group; 
NAT neoadjuvant therapy; MDT 
multidisciplinary team

Patients with CRLM screened (N = 39)

Excluded (N = 2):
•   Choose upfront surgery but not NAT (N = 2)

Excluded (N = 3):
•   Less than two ctDNA results (N = 1)

•   Give up NAT for personal reasons (N = 1)

•   Did not proceed to surgery after NAT (N = 1)

Blood collection: one day before the first
cycle of NAT

Blood collection: one day before the second
cycle of NAT

•   18-75 years old
•   ECOG score 0-1
•   Pathologically confirmed colorectal cancer
•   Liver metastases is resectable or borderline resectable
•   NAT recommended after MDT assessment

CRLM receiving NAT (N = 37)

Neoadjuvant therapy

Final analyses (N = 34)
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TABLE 1  Baseline 
demographics and 
clinicopathologic and treatment 
characteristics of all enrolled 
patients

Characteristic Category n (%) ctDNA 
responder

ctDNA non-
responder

P value

Age (years)
Median (range) 59.5 (32–74)
≤ 60 18 (52.9) 13 5 1
> 60 16 (47.1) 12 4

Gender
Male 19 (55.9) 15 4 0.462
Female 15 (44.1) 10 5

ECOG status
0 28 (82.4) 21 7 0.645
1 6 (17.6) 4 2

Presentation of LM
Synchronous 22 (64.7) 17 5 0.687
Metachronous 12 (35.3) 8 4

Disease-free interval (months)
< 12 29 (85.3) 20 9 0.293
≥ 12 5 (14.7) 5 0

Primary tumor location
Left 23 (67.6) 17 6 1
Right 11 (32.4) 8 3

Primary N status
Yes 18 (52.9) 13 5 1
No 16 (47.1) 12 4

Size of largest LM (cm)
≤ 5 23 (67.6) 17 6 1
> 5 11 (32.4) 8 3

No. of LMs
Solitary 6 (17.6) 5 1 1
Multiple 28 (82.4) 20 8

Bilobar involvement
Yes 20 (58.8) 16 4 0.435
No 14 (41.2) 9 5

Extrahepatic metastases
Yes 6 (17.6) 4 2 0.645
No 28 (82.4) 21 7

Pre-NAT CEA level (ng/mL)
≥ 5 27 (79.4) 20 7 1
< 5 7 (20.6) 5 2

Pre-NAT CA19-9 level (U/mL)
≥37 15 (44.1) 12 3 0.697
<37 19 (55.9) 13 6

Differentiation
Moderate 26 (76.5) 19 7 1
Poor 8 (23.5) 6 2

RAS status
Wildtype 23 (67.6) 18 5 0.425
Mutant 11 (32.4) 7 4

NAT regimen
Chemotherapy 16 (47.1) 11 5 0.703
Chemotherapy + 

targeted therapy
18 (52.9) 14 4
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as evidenced by a correlation coefficient of 0.65 for mVAF 
compared with 0.31 for CEA and 0.34 for CA19-9 (P < 
0.0001). The level of baseline ctDNA mVAF was not sig-
nificantly associated with RFS (Fig. S3).

Similarly, univariable logistic regression was used to 
investigate the association of baseline gene mutation status 
with RFS, and only genes with mutation rates greater than 
10% were included. The P values of these genes did not 
achieve statistical significance, with RAS mutations tending 
to be associated with worse RFS, but the significance of the 
association was marginal (P = 0.0672; Table S5).

Early ctDNA Dynamics and Radiologic Response

After one cycle of NAT, the ctDNA mVAF declined 
remarkably (P < 0.0001; Fig. 2b). However, the ctDNA 
mVAF change had no correlation with clinicopatho-
logic factors (Table 1). We then evaluated the association 
between mVAF change and radiologic response. According 
to RECIST criteria, 27 cases were classified as radiologic 
responders (PR), whereas 7 cases were categorized as non-
responders (SD or PD) (Fig. 2c). As demonstrated in Fig. 2d, 
the change in mVAF was significantly greater in the respon-
sive group than in the non-responsive group (P = 0.0004), 
and the patients with a molecular response (>50% mVAF 
decrease) had a greater probability of achieving ETS than 
the non-response patients (<50% mVAF decrease; 88.0% vs 
33.3%; P = 0.0039; Fig. 2e).

We further compared the predictive performance of 
ctDNA mVAF dynamics with that of tumor markers such 

as CEA and CA19-9. The ROC curve analysis suggested 
that the sensitivity and specificity of ctDNA dynamics for 
radiologic response prediction were significantly higher 
than those of CEA and CA19-9 (AUC, 0.90 vs 0.71 vs 0.61; 
Fig. 2f). This indicated that ctDNA dynamics had a better 
performance than CEA or CA19-9 in predicting radiologic 
response.

Early ctDNA Dynamics and Pathologic Response

We then evaluated the association between ctDNA 
mVAF change and pathologic response. According to Man-
dard TRG grading criteria, 22 patients were classified as 
pathologic responders (TRG2/3), whereas 12 patients were 
classified as non-responders (TRG4). As demonstrated in 
Fig. 2g, the change in mVAF was significantly greater in the 
pathologic responder group than in the non-responder group 
(P = 0.0013), and the patients with ctDNA response (>50% 
mVAF decrease) had a greater probability of achieving a 
pathologic response than those with a non-response (<50% 
mVAF decrease; 80.0% vs 22.2%; P = 0.0037; Fig. 2h). 
In the multivariate analysis, the ctDNA changes remained 
an independent predictive factor for pathologic response 
(Table S6).

Next, the performance (predictive accuracy of pathologic 
response) of ctDNA, CEA, and CA19-9 dynamics also was 
evaluated and compared. The ROC curve analysis suggested 
that the sensitivity and specificity of the ctDNA dynamics 
for pathologic response prediction were much higher than 
those of CEA and CA19-9 (AUC, 0.83 vs 0.64 vs 0.67; 

Table 1  (continued) Characteristic Category n (%) ctDNA 
responder

ctDNA non-
responder

P value

Cycles of NAT
Median (range) 4 (3–8)
≤ 4 21 (61.8) 14 7 0.427
> 4 13 (38.2) 11 2

Radiologic response
Complete response 0 (0) 0 0 0.008
Partial response 27 (79.4) 23 4
Stable disease 6 (17.6) 2 4
Progressive disease 1 (2.9) 0 1

Early tumor shrinkage
Yes 25 (73.5) 22 3 0.004
No 9 (26.5) 3 6

Pathologic response
TRG2 6 (17.6) 6 0 0.007
TRG3 16 (47.1) 14 2
TRG4 12 (35.3) 5 7

ctDNA circulating tumor DNA; ECOG Eastern Cooperative Oncology Group; LM liver metastases; NAT 
neoadjuvant therapy; CEA carcinoembryonic antigen; CA19‑9 cancer antigen 19-9; TRG  tumor regression 
grade
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Fig. 2i). This indicated that the ctDNA dynamics had a better 
performance than CEA or CA19-9 in predicting pathologic 
response.

Early ctDNA Dynamics and Clinical Outcome

Finally, we evaluated the association between ctDNA 
dynamics and postoperative recurrence. The specific 

information about ctDNA dynamic changes, treatment 
response, and clinical outcomes for each patient was 
demonstrated in a swimmer plot (Fig. 3a). In the Kaplan-
Meier analysis, the molecular response group showed a 
significantly longer RFS and EFS than the non-response 
group (Fig. 3b and c; P = 0.0102 for RFS and P = 0.0054 
for EFS). In contrast, early changes in CEA and CA19-9 
were not significantly associated with RFS (Fig. S4a and 
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FIG. 2  Clinical and therapeutic response relevance of baseline and 
dynamic changes in ctDNA. a Association of baseline ctDNA with 
tumor diameter. b Dynamic changes in ctDNA between 1 day before 
the first cycle of NAT and 1 day before the second day of NAT. c 
Waterfall plot showing the response of patients based on differ-
ent molecular response status. d Changes in ctDNA mVAF between 
patients achieving CR/PR and those achieving SD/PD. e The pro-
portion of patients achieving ETS between the molecular responsive 
group and the non-responsive group. f Receiver operating characteris-
tic (ROC) curves of the fractional ctDNA, CEA, and CA19-9 changes 
in predicting radiologic response; the area under the curve (AUC) 
was calculated to compare their predictive performance. g Changes 

in ctDNA mVAF between patients achieving tumor regression grade 
(TRG)2/3 and those achieving TRG4. h The proportion of patients 
achieving pathologic tumor regression (TRG2/3) between the molec-
ular responsive group and the non-responsive group. i ROC curves of 
the fractional ctDNA, CEA, and CA19-9 changes in predicting patho-
logic response; the AUC was calculated to compare their predictive 
performance. ctDNA circulating tumor DNA; NAT neoadjuvant ther-
apy; mVAF median variant allele frequency; CR complete response; 
PR partial response; SD stable disease; PD progressive disease; CEA 
carcinoembryonic antigen; CA19‑9 cancer antigen 19-9; ETS early 
tumour shrinkage; TRG  tumor regression grade
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S4b). According to the univariate Cox proportional hazard 
analysis, the variables significantly associated with worse 
RFS were a ctDNA mVAF change less than 50% (P = 
0.015), synchronous metastasis (P = 0.031), right-sided 
primary tumor (P = 0.043), high CRS score (P = 0.007), 
and female gender (P = 0.036) (Table 2).

In the multivariate analyses, the only remaining inde-
pendent predictors of RFS were ctDNA mVAF change 
(HR, 4.0; P = 0.023) and primary tumor sidedness (HR, 
3.51; P = 0.018) (Table 2). The aforementioned results 
indicated that changes in ctDNA mVAF are an early and 
reliable biomarker to predict recurrence of CRLM.

We then combined the ctDNA alteration with conven-
tional clinicopathologic factors to predict the patients’ sur-
vival. Interestingly, the combination of ctDNA alteration 
and ETS showed significant value in predicting RFS. The 
patients with a ctDNA response (–) and ETS (–) showed a 
significantly poorer RFS than those with either a ctDNA 
response (+) or ETS (+) (Fig. S5). By contrast, neither the 
combination of ctDNA alteration and tumor marker (CEA 
and CA19-9) nor a pathologic response (TRG) showed 
significant value in predicting RFS (Fig. S6).

Predictive Value of ctDNA in CEA‑ and CA19‑9‑Negative 
Cases

We performed a subgroup analysis of the patients with 
negative baseline CEA or CA19-9. At baseline, 7 (20.6%) 
patients had a negative CEA (<5 ng/mL), and 19 (55.9%) 
patients had a negative CA19-9 (<37 U/mL). The CEA-neg-
ative subgroup showed no significant correlation between 
ctDNA response and ETS, pathologic response, or RFS (Fig. 
S7a). In the CA19-9-negative subgroup, the ctDNA response 
showed a significant association with ETS (P = 0.046), 
and a non-significant trend toward an improved pathologic 
response (P = 0.14) and RFS (P = 0.06) (Fig. S7b).

Representative Cases

All these results suggested that early dynamic changes 
in ctDNA were a superior predictor of treatment response 
and recurrence. For example, a 52-year-old woman had a 
diagnosis of sigmoid colon cancer involving synchronous 
liver-limited metastases, with wildtype RAS/BRAF. The 
serial plasma collections showed a remarkable decrease 
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FIG. 3  Association of molecular response with clinical outcomes. a 
Swimmer plot showing ctDNA dynamic changes, treatment response, 
and clinical outcomes for each patient. b Kaplan-Meier survival plots 
showing RFS after surgery according to different molecular response 

groups. c Kaplan-Meier survival plots showing EFS after surgery 
according to different molecular response groups. ctDNA circulating 
tumor DNA; RFS recurrence-free survival; EFS event-free survival
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of 98.9% in early ctDNA mVAF change, whereas the 
decrease in CEA and CA19-9 at this time was not signifi-
cant. After NAT, the patient achieved a partial response 
and significant pathologic regression (TRG2) and kept no 

evidence of disease (NED) status during the follow-up 
period (Fig. 4a).

Conversely, a 31-year-old woman had a diagnosis of 
descending colon cancer involving synchronous liver-limited 

TABLE 2  Uni- and 
multivariate analyses 
of the associations of 
clinicopathologic and molecular 
parameters with RFS

RFS recurrence-free survival; HR hazard ratio; CI confidence interval; ECOG Eastern Cooperative Oncol-
ogy Group; CRS clinical risk score; LM liver metastases; NAT neoadjuvant therapy; CEA carcinoembryonic 
antigen; CA19‑9 cancer antigen 19-9; ctDNA circulating tumor DNA

Variable No. of patients No. of 
RFS 
events

Univariate analysis Multivariate analysis

HR (95% CI) P Value HR (95% CI) P Value

Age (years)
≤60 18 11
>60 16 7 0.57 (0.22–1.49) 0.254
Sex
Male 19 8
Female 15 10 2.86 (1.07–7.65) 0.036 1.11 (0.36–3.41) 0.853
ECOG status
0 28 13
1 6 5 2.25 (0.79–6.41) 0.130
CRS score
Low (1–2) 15 5
High (3–5) 19 13 6.11 (1.65–22.67) 0.007 2.74 (0.58–12.94) 0.204
Primary tumor location
Left 23 10
Right 11 8 2.64 (1.03–6.76) 0.043 3.51 (1.24–9.92) 0.018
Presentation of LM
Synchronous 22 15
Metachronous 12 3 0.25 (0.07–0.88) 0.031 0.28 (0.07–1.11) 0.070
No. of LMs
1 6 4
≥2 28 14 1.19 (0.38–3.71) 0.769
RAS status
Wildtype 23 9
Mutated 11 9 2.32 (0.92–5.87) 0.075
NAT regimen
Chemotherapy 16 7
Chemotherapy 

+ targeted 
therapy

18 11 1.57 (0.59–4.14) 0.364

Cycles of NAT
≤4 21 9
>4 13 9 1.92 (0.76–4.86) 0.170
CEA decrease
Yes 22 10
No 12 8 2.26 (0.89–5.76) 0.087
CA19‑9 decrease
Yes 22 12
No 12 6 1.1 (0.41–2.95) 0.847
ctDNA response
Yes 25 11
No 9 7 3.46 (1.27–9.47) 0.015 4.00 (1.22–13.15) 0.023
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metastases, with wildtype RAS/BRAF. The serial plasma 
collections showed an increase of 59.7% in ctDNA mVAF 
change, whereas the levels of CEA and CA19-9 were stable. 
This patient did not achieve a significant radiologic response 
or pathologic regression, and finally experienced early recur-
rence during postoperative adjuvant therapy (Fig. 4b).

DISCUSSION

In recent years, ctDNA has become the focus of research 
on precision diagnosis and treatment of CRC, ranging from 
early cancer detection and minimal residual disease (MRD) 
monitoring to prognosis and treatment response prediction.20 
This study focused on the role of ctDNA in the neoadju-
vant setting for CRLM patients. The study showed that early 
ctDNA dynamics was strongly associated with radiologic 
and pathologic response to NAT in CRLM. Meanwhile, 
early ctDNA dynamics also were significantly related to 

postoperative RFS. These findings showed the application 
potential of ctDNA in CRLM receiving NAT, making it pos-
sible to change clinical decisions as early as before the sec-
ond cycle of NAT and to maximize the effectiveness of NAT.

Neoadjuvant therapy followed by surgery has become a 
standard of care for selected patients with locally advanced 
rectal cancer, breast cancer, pancreatic cancer, or CRLM. 
Because the case of upfront surgery was not favorable, NAT 
was believed to improve surgery efficacy and outcome, prob-
ably by enhancing the chance of achieving a margin-negative 
(R0) resection. Additionally, NAT also could offer a unique 
window for real-time monitoring of treatment response. 
Treatment response to NAT usually is evaluated by imag-
ing tests, but several cycles of chemotherapy are needed 
until a reliable radiologic response assessment is possible. 
This exposes non-responders to unnecessary toxicity and 
also may delay their access to other potentially more effec-
tive treatment regimens. Thus, identification of reliable and 
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real-time biomarkers that can early predict response to NAT 
is urgently needed for personalizing treatment.

Several previous studies have investigated the role of 
ctDNA detection in locally advanced rectal cancer and breast 
cancer receiving NAT. Findings have shown that ctDNA 
detection alone or in combination with conventional imag-
ing methods can accurately predict pathologic response and 
clinical outcome,9–15 thus perhaps helping in the selection of 
the best treatment strategy (i.e., resection or watch-and-wait 
for rectal cancer) or the choice of the patients who would 
not benefit from further postoperative therapy, preventing 
overtreatment. In CRLM, ctDNA detection has shown great 
advantage in terms of prognosis prediction and MRD sur-
veillance after resection,21–24 whereas its role in neoadjuvant 
setting remains unclear. In a previous study, circulating free 
methylated tumor DNA markers were detected for sensitive 
assessment of tumor burden and early response monitoring 
of CRLM patients receiving systemic chemotherapy.25

Most previous studies collected blood samples after all 
cycles of NAT or before surgery and did not focus on the pre-
dictive role of early ctDNA changes in treatment responses 
to NAT and postoperative outcomes. Findings have shown 
that CRC patients with liver metastases have significantly 
higher levels of ctDNA than patients with metastases at 
other sites.15,16 On the other hand, the findings also have 
shown that the half-life of plasma ctDNA is as short as less 
than 2 h,17 making it possible to distinguish the sensitive and 
non-sensitive CRLM patients early during NAT.

In contrast to previous studies collecting blood samples 
after NAT, the current study focused on the role of early 
dynamic changes of ctDNA in response prediction. As 
demonstrated in our study, after a single cycle of NAT, the 
mVAF of ctDNA declined early in patients responsive to 
NAT. These results proved the concept that ctDNA could 
act as a real-time surrogate marker reflecting the tumor 
burden and treatment response earlier and more accurately 
than conventional tumor markers for CRLM. For example, 
ETS is an early indicator of treatment sensitivity that shows 
the decrease in tumor burden measured at the time of the 
first imaging evaluation.26 In most previous studies, ETS 
was evaluated at 8 weeks,27,28 in some studies, at 6 or 7 
weeks.29,30 At the evaluation time point, an ETS of 20% 
or greater is considered a favorable indicator for CRLM 
patients. In our study, we showed that ctDNA mVAF reduc-
tion measured at 2 weeks was strongly consistent with ETS 
evaluated at 8 weeks, indicating that ctDNA monitoring is 
an earlier marker for response assessment than ETS. Besides 
the aforementioned radiologic and pathologic parameters, 
ctDNA change also was an independent factor of RFS for 
CRLM patients in this cohort. Additionally, ctDNA also 
could provide more genetic mutation information, which 
reflected tumor biologic behavior and heterogeneity.

Our study had several limitations. First, the sample was 
relatively small, which may limit the extrapolation of our 
conclusions. Second, the NAT regimen was not standard-
ized. The patients underwent different approaches based on 
different tumor burdens, tumor locations, mutation profiles, 
and therapeutic goals, which made the study closer to real-
world investigation, but might also have introduced more 
confounding factors. Third, although many studies have 
reported that elevated postoperative ctDNA could possibly 
help identify high-recurrence risk patients, ctDNA was not 
measured after curative-intent surgery in our study due to 
the study design. In the future, additional detection after 
surgery and during follow-up evaluation should be added to 
provide more information about the prediction performance 
of ctDNA for CRLM patients.

CONCLUSIONS

This prospective study provided novel evidence that 
early ctDNA dynamic changes can accurately predict NAT 
response and recurrence in CRLM. In future clinical prac-
tice, selectively prognostic and therapeutic stratification may 
be suggested early during NAT for CRLM patients with dif-
ferent early ctDNA dynamic changes.
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