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a b s t r a c t 

Lung cancer is the second most common cancer worldwide and the leading cause of cancer-related fatalities, with 
non-small cell lung cancer (NSCLC) accounting for 85% of all lung cancers. Over the past forty years, patients with 
NSCLC have had a 5-year survival rate of only 16%, despite improvements in chemotherapy, targeted therapy, and 
immunotherapy. Circulating tumor DNA (ctDNA) in blood can be used to identify minimal residual disease (MRD), 
and ctDNA-based MRD has been shown to be of significance in prognostic assessment, recurrence monitoring, 
risk of recurrence assessment, efficacy monitoring, and therapeutic intervention decisions in NSCLC. The level 
of MRD can be obtained by monitoring ctDNA to provide guidance for more precise and personalized treatment, 
the scientific feasibility of which could dramatically modify lung cancer treatment paradigm. In this review, we 
present a comprehensive review of MRD studies in NSCLC and focus on the application of ctDNA-based MRD in 
different stages of NSCLC in current clinical practice. 
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Lung cancer is the second most common cancer worldwide. Accord-
ng to global cancer statistics, there will be 2.2 million new lung cancer
atients and 1.8 million deaths in 2020. 1 Non-small cell lung cancer
NSCLC) accounts for 85% of the total number of lung cancers. The 5-
ear overall survival (OS) of NSCLC correlates with tumor stage, with
 5-year OS rate of 92% for stage IA patients and 0% for stage IVB pa-
ients. 2 Surgery is the primary treatment for stage I-III NSCLC, and stage
A patients have the highest 5-year survival rate and do not need to re-
eive adjuvant therapy after radical surgery, while it is still controversial
hether stage IB patients need to receive adjuvant therapy after surgery,
nd stage II-III patients need to receive standardized adjuvant therapy
fter surgery. However, relevant statistics show that the postoperative
ecurrence rate of stage II-III patients can be as high as 60%, 2 , 3 and that
he absolute 5-year OS benefit of post-operative platinum-containing
hemotherapy is only 5.4%, 4 with adjuvant therapy benefiting only a
mall proportion of NSCLC patients. As a result, new criteria are re-
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uired to differentiate between relapsed and non-relapsed patients, and
o identify those who would truly benefit from adjuvant therapy simul-
aneously. 

In recent years, circulating tumor DNA (ctDNA)-based minimal resid-
al disease (MRD) has offered a novel idea for anticipating tumor re-
urrence and has demonstrated promise as a new predictive biomarker.
dditionally, there is growing evidence of its strong correlation with the
ecurrence of many solid tumors and its significant potential application
n monitoring the effectiveness of tumor therapy and adjuvant treatment
uidance. 5–8 In this review, we provide a comprehensive description of
tDNA-based MRD and its relevant clinical applications. 

urrent status of ctDNA-based MRD in clinical practice 

The MRD was first used in the field of hematologic oncology to de-
cribe the small number of tumor cells that remain in the blood or bone
arrow following therapy but are unresponsive or resistant to it. After

herapy, there are still a tiny number of tumor cells that cannot be dis-
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overed using standard techniques. These cells do not immediately cause
ny indications or symptoms, but they can cause tumor progression or
ecurrence or metastases. In recent years, the research on MRD has grad-
ally expanded to the realm of solid tumors. Here, MRD is additionally
eferred to as molecular residual disease, which refers to a tumor’s re-
aining molecular abnormalities that continue to exist in the body even

fter treatment. It represents the risk of tumor persistence and clinical
rogression and cannot be seen with standard imaging (e.g., positron
mission tomography/computed tomography [PET/CT]) or laboratory
rocedures (e.g., microscopic observation, detection of abnormal tumor
arkers in blood). 9 

Early methods for detecting MRD in the field of hematologic on-
ology included flow cytometry (FCM), digital polymerase chain reac-
ion (dPCR), and next-generation sequencing (NGS), among others. 10 

xtending to solid tumors such as NSCLC, MRD status is still determined
sing liquid biopsies based on these techniques, while tumor liquid biop-
ies mainly include ctDNA, circulating tumor cells (CTCs), circulating
umor RNA (ctRNA), exosomes, etc. 11 When it comes to determining
umor load, ctDNA is the most researched and used body fluid mate-
ial in clinical therapy, and its value and application scenarios in the
reatment of lung cancer are growing. Furthermore, ctDNA detection
as the benefit of being non-invasive or minimally invasive, overcom-
ng the heterogeneity of intratumoral and metastatic foci, being simple
o get material, and enabling dynamic monitoring, which is extremely
aluable in clinical practice. 12 , 13 

According to Expert Consensus of Molecular Residual Disease for Non-

mall Cell Lung Cancer , which Prof. Wu led in 2021, lung cancer molec-
lar abnormalities are defined as ctDNA with stable detection of allele
raction (AF) 0.02% in peripheral blood, including lung cancer driver
enes or other class I/II genetic variants. In pan-cancer ctDNA studies,
he ctDNA detection rate in NSCLC is moderate, but unlike other can-
er types, 73.9% of patients with NSCLC have at least one driver gene,
nd the clinical significance of different mutation types is even more
ariable, which makes the tumor mutation background complex. 14 Fur-
hermore, the amount of ctDNA released into peripheral blood from
arly solid tumors is very low (less than 1%), and the TracerX study
emonstrated that each cubic centimeter tumor lesion (1.2 centimeters
n diameter) is equivalent to having 0.19 copies of the tumor genome
nside each milliliter of plasma, implying a ctDNA abundance of ap-
roximately 0.01–0.02%, while in the available literature, the median
ax allele fraction (MaxAF) of MRD detection was distributed between
.1–0.01%. Due to the specificity of NSCLC and the features of ctDNA,
he sensitivity of NSCLC-related MRD detection techniques must meet
igh standards. Even though conventional ctDNA detection can detect
llelic fragments with a sensitivity of 0.1%, it still falls short of deter-
ining the MRD status of NSCLC in situations with complex genetic

ackgrounds. 15 , 16 Notably, ctDNA-MRD positive is still not consistently
efined in recent clinical research. 

Currently, there are two major strategic systems for ctDNA-based
RD technology routes [ Fig. 1 ]. 

One is tumor-agnostic assays, which are carried out by a set of immo-
ilized sequencing methods relevant to cancer species for ctDNA detec-
ion and do not require the primary tumor tissue. Representative tech-
iques for this approach include Guardant Reveal and cancer person-
lized profile by deep sequencing (CAPP-Seq). The following are the
rimary benefits of this approach: (1) Postoperative tumor tissue is not
equired, which is appropriate for patients who do not have enough or
asy access to postoperative tumor tissue samples. (2) Pre-selection of
umor driver or putative driver genes, at least those linked to tumor
evelopment, and potential coverage of neoplastic mutations, allowing
he identification of new treatment targets as well as locations of drug
esistance. (3) The detecting cycle is short, and the product performance
s comparatively stable. 

The second category is tumor-informed assays, which make use of
ovel technologies like phased variant enrichment and detection se-
uencing (PhasED-Seq) and SignateraTM to sequence tumor specimens
208 
n order to learn about mutations and create individualized treatment
lans. Following are some benefits of using this tactic: (1) Additional
utation loci can be tracked. The lung cancer panel was able to identify

n average of 4 mutations per patient, significantly improving the speci-
city and sensitivity of detection. 17 (2) Long-term surveillance was less
xpensive. 

There is no unified standard for MRD detection, and each technical
ystem has its own benefits and drawbacks. The only accepted standard
or testing methods is clinical practice. 

rospects for clinical application of ctDNA-based MRD 

pplication of ctDNA-based MRD in the prognostic evaluation and 

ecurrence monitoring 

Treatment for patients with early to middle stage NSCLC comprises
urgical resection, radical radiotherapy, and postoperative adjuvant
herapy with the ultimate goal of curing the illness. The International
ssociation for the Study of Lung Cancer (IASLC) noted in its opinion
n the 8th edition of the lung cancer staging project that more than
alf of patients will experience disease recurrence after surgery, and be-
ause current technology cannot reliably distinguish this subset from
atients who have been cured, postoperative adjuvant therapy is still
dvised for stage II–III patients to obviate potential MRD and thereby
mprove survival. 2 , 18 , 19 Adjuvant therapy is not clinically beneficial for
atients who have already been cured and is likely to cause side ef-
ects, so we should search for trustworthy biomarkers to precisely iden-
ify this subset of patients in order to prevent overmedication and to
reate more targeted treatment plans for those who are at high risk of
ecurrence. 

The TRACERx project is the first prospective investigation into al-
erations in ctDNA following lung cancer surgery. 20 The study used a
umor-specific phylogenetic technique to examine ctDNA and dynam-
cally tracked changes in clonal variations from diagnosis through re-
urrence and death in 100 patients of early-stage NSCLC. In that study,
4 patients underwent multiple pre- and postoperative ctDNA measure-
ents. Of the 14 patients who experienced recurrence after surgery,
3% had at least two single nucleotide variants (SNVs) found either prior
o or at the time of the confirmed clinical recurrence; of the 10 patients
ho did not experience a recurrence, 10% had at least two SNVs. The

tudy also discovered that the lead cycle for tumor recurrence, which is
he time between the detection of recurrence positivity by ctDNA and
he confirmation of tumor recurrence by clinical CT imaging, was 70
ays (median, range 10 to 346 days). While in the continuing study,
t was found that ctDNA was detectable in 77% of recurrence patients,
nd the median lead cycle of tumor recurrence was up to 151 days. 21 

n an earlier study, researchers used CAPP-Seq to detect ctDNA in 255
lood samples from 40 patients with stage I-III lung cancer after radi-
al treatment and 54 healthy adults, demonstrating that MRD was de-
ectable before imaging progression in 72% of patients with a median
ead time of 5.2 months, while notably, in 18 evaluable patients with re-
urrence, 17 (94%) patients were detected positive for MRD in the first
ost-treatment blood samples. 22 This research demonstrated the viabil-
ty of using ctDNA-based MRD detection to predict recurrence prior to
maging for the first time at the micro level, and the identification of
he lead cycle for tumor recurrence provides an opportunity for early
linical intervention. 

In a prospective study of 261 surgically available stage I to III pa-
ients, Zhang et al 23 discovered that those with longitudinally unde-
ectable MRD maintained a disease-free rate of up to 96.8%. More sig-
ificantly, the dynamics of MRD detection in the study suggested that
he peak time period for the occurrence of detectable MRD was between
2 and 18 months postoperatively, suggesting that those with longitu-
inally undetectable MRD at 18 months may represent a cohort that
as been cured. Furthermore, a study that examined 363 consecutive
lasma samples from 88 patients with early-stage non-small cell lung
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Fig. 1. Two strategic systems based on ctDNA-MRD 

detection. ctDNA: Circulating tumor DNA; MRD: Min- 
imal residual disease. 
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arcinoma found that 40 patients with ctDNA discovered before radi-
al treatment had a high risk of early recurrence or death (HR: 3.1 and
.0), and detection of MRD within 2 weeks and 4 months after radi-
al treatment was associated with a 5.5-fold higher risk of death and a
4.8-fold higher risk of primary tumor recurrence, while only 2 of the
6 patients with detectable ctDNA before treatment but no detectable
RD after treatment experienced recurrence. 24 These results of studies

urther show the value of ctDNA-based MRD detection for risk stratifica-
ion of patients to determine prognosis and to identify those with high
nd low risks of disease recurrence. 

Notably, premature MRD detection following surgery is easily con-
used by incomplete ctDNA degradation, which in turn impairs judg-
ent. Accordingly, it has been explicitly stated in recent years in the rel-

vant expert consensus that the best timing for MRD detection should be
ithin 1 week to 1 month after radical resection, and testing at regular

ntervals (every 3–6 months) thereafter is needed to identify populations
t high risk of recurrence. 9 

In patients with locally advanced lung cancer, ctDNA-based MRD
s also helpful for prognostic evaluation and recurrence detection. In a
tudy that included 17 patients with inoperable early-stage or locally
dvanced NSCLC, patients were tested for ctDNA using SignateraTM af-
er radical radiotherapy (RT) ± systemic therapy, and the results re-
ealed that MRD could be detected 5.4 months before imaging con-
rmed disease progression. 25 Another study included 39 patients with
nresectable stage IIIA-IIIB patients who received standard chemora-
iotherapy (CRT) and were randomly assigned to immune consolida-
ion therapy with nivolumab alone or nivolumab in combination with
pilimumab. 26 ctDNA detection by CAPP-seq showed that MRD-positive
atients had significantly lower progression-free survival (PFS) rate than
209 
RD-negative patients (29% vs . 76% at 12 months, 29% vs . 68% at 24
onths, P = 0.003). 

Yang et al 27 used serial ctDNA detection to determine the MRD sta-
us in relation to disease recurrence. Forty-seven of the 55 NSCLC pa-
ients included in the study underwent CRT or RT, and their MRD status
as assessed at four points: baseline, in the fourth week during treat-
ent, 1 month after treatment, and 3 months after treatment. The results

howed that the best time to identify MRD was 1 month following treat-
ent, when it had the best prognostic potential among all time points.
t this point, MRD-negative patients showed higher PFS and OS than
RD-positive patients. Notably, the outcomes were quite similar to the

ecommendation made by the aforementioned expert consensus about
he timing of postoperative MRD detection in early to mid-stage patients.
his study also discovered that the clinical fate of patients was substan-
ially correlated with ctDNA clearance at the final follow-up prior to
isease progression. 

pplication of ctDNA-based MRD in guiding adjuvant therapy and 

ssessing the efficacy of adjuvant therapy 

ctDNA-MRD has applications not only in prognostic evaluation and
ecurrence monitoring, but also has potential applications in guiding
djuvant therapy. 

According to the LUNGCA-1 study, 28 MRD-positive patients who re-
eived adjuvant therapy had an improved rate of recurrence-free sur-
ival (RFS) compared to those who did not. Interestingly, contrary to the
utcomes seen in the MRD-positive patient group, patients who received
djuvant therapy in the MRD-negative patient population had a lower
ate of RFS than those who did not. After correcting for clinical factors,
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Table 1 

Existing clinical study of prospective interventional step-up/down therapy for ctDNA-based MRD. 

Trial Trial number NSCLC stage Intervention/treatment MRD detection time Method Enrollment number 

MERMAID-1 NCT04385368 Ⅱ - Ⅲ Durvalumab/placebo + SoC 
chemotherapy 

Baseline ArcherDx 89 (Actual) 

MERMAID-2 NCT04642469 Ⅱ - Ⅲ Durvalumab/placebo Baseline ArcherDx 26 (Actual) 
CTONG2105 NCT05536505 Ⅰ B- Ⅲ B MRD ( + ): Used icotinib; when MRD 

( + ) turned to MRD (-): entered the 
drug withdrawal and observation 
period; when MRD (-) turned to MRD 
( + ): continued to use icotinib or 
osimertinib if EGFR T790M is present 
MRD (-): Follow-up observation 

Timepoint 1: blood drawn from the 
3rd day to the 7th day post-operation. 
Timepoint 2: blood drawn on the 
28th day post-operation 

Gene + 180 (Estimated) 

CTONG1602 NCT03046316 Ⅲ - Ⅳ Local consolidation treatment Baseline Gene + 60 (Estimated) 
SCION NCT04944173 Ⅰ Durvalumab + stereotactic ablative 

radiotherapy 
Multiple timepoints (0, 3, 12, 24 
months) 

AVENIO 94 (Estimated) 

LUN0114 NCT04585490 Ⅲ Durvalumab + platinum doublet 
chemotherapy 

Baseline AVENIO 48 (Estimated) 

LUN0115 NCT04585477 Ⅰ - Ⅲ Durvalumab From trial enrollment to after 2 cycles 
of adjuvant durvalumab treatment 

AVENIO 80 (Estimated) 

ctDNA: Circulating tumor DNA; EGFR: Epidermal growth factor receptor; MRD: Minimal residual disease; NSCLC: Non-small cell lung cancer; SoC: Standard of care. 
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djuvant therapy remained substantially associated with a higher rate
f RFS in the MRD-positive population (HR 0.2, P = 0.002), but it was not
ssociated with the rate of RFS in the MRD-negative population (HR 1.6,
 = 0.283). In the previously discussed prospective studies, 23 in addition
o the fact that patients with persistent MRD negativity could maintain
 very high disease-free rate (96.8%), and thus could be used to define
 potentially curable population in localized NSCLC, further subgroup
nalyses showed that patients with persistent MRD negativity may not
enefit from adjuvant therapy, and should avoid needless overmedica-
ion. 

Due to the success of PACIFIC research, 29 concurrent CRT followed
y immune consolidation therapy has become the standard for treating
atients with locally advanced NSCLC. Moding et al 30 included 65 unre-
ectable stage IIB-IIIB NSCLC patients who had undergone radical CRT
n a retrospective study, 28 of whom received additional immune con-
olidation therapy after treatment. Meanwhile, the study used the CAPP-
eq to determine the MRD status of the patients, and follow-up testing
f early post-treatment samples revealed progression in 86% (6/7) of
RD-positive patients and 13% (2/15) of MRD-negative patients. Inter-

stingly, in this group of patients, the rate of freedom from progression
FFP) of the disease at 12 months was 0% for MRD-positive patients and
7.5% for MRD-negative patients. The aforementioned findings clearly
howed the utility of ctDNA-based MRD for the efficacy assessment
f NSCLC patients after immune consolidation treatment. Notably, the
tudy found no differences in the rate of FFP between MRD-negative
atients after CRT with or without immune consolidation therapy, but
mong MRD-positive patients, the rate of FFP at 12 months was sig-
ificantly higher in those who received immune consolidation therapy
ompared with those who did not (87.5% vs . 0%), which further sug-
ests the potential that MRD status is meaningful for guiding the choice
f treatment modality. 

The aforementioned studies have limitations because of their small
ample size and the nature of retrospective studies. Based on the com-
lex and varied patterns of adjuvant therapy after radical treatment of
SCLC, more large-scale prospective clinical trials are still required to
onfirm whether MRD detection can reliably predict disease recurrence
nd define the most appropriate systemic adjuvant therapy. Currently,
everal prospective MRD-based clinical studies of interventional ascend-
ng/descending therapy are underway both domestically and interna-
ionally [ Table 1 ]. 

pplication of ctDNA-based MRD in evaluating the effectiveness of 

eoadjuvant therapy 

Even after radical surgery, NSCLC patients have a high rate of re-
urrence and metastasis, while this condition has been significantly al-
210 
eviated by the advent of neoadjuvant therapy, which has led to a no-
able extension of OS. According to a meta-analysis, 31 NSCLC patients
ho had preoperative chemotherapy had a 5% increase in absolute sur-
ival at five years (from 40% to 45%). Additionally, the findings of the
ADIM and NADIM phase II studies demonstrated that the 3-year OS for

he intention-to-treat (ITT) population was 81.9%, rising to 91.0% in the
er-protocol (PP) population. 32 , 33 All of these point to the importance of
eoadjuvant immunotherapy for improving long-term survival in NSCLC
atients. Notably, in the NADIM phase II trial, researchers compared the
bility of ctDNA with conventional biomarkers for predicting long-term
urvival and discovered that while tumor mutation burden (TMB) and
rogrammed cell death ligand-1 (PD-L1) were not associated with pa-
ient OS, low levels of ctDNA prior to neoadjuvant immunotherapy and
he presence of MRD-negative status after neoadjuvant immunotherapy
ere significantly associated with longer OS, which further reveals the
ossibility of ctDNA-based MRD as a novel biomarker for assessing the
fficacy of neoadjuvant therapy. 

The Checkmate816 study 34 provided additional support for the
ADIM findings by demonstrating higher ctDNA clearance rates during
eoadjuvant therapy (on the first day of cycle 3) in patients treated with
reoperative nivolumab in combination with chemotherapy compared
o the chemotherapy-only group (56% vs . 35%) and higher pathological
omplete remission (pCR) rates in MRD-negative patients compared to
RD-positive patients in both treatment groups. The significant correla-

ion between MRD negative and pCR raises the possibility that ctDNA-
RD may be predictive of neoadjuvant efficacy in early to mid-stage
SCLC, but it needs to be corroborated by more relevant studies. 

ovel exploration of ctDNA-based MRD in clinical applications 

ole of ctDNA-based MRD in advanced NSCLC patients with CR or 

ong-term benefit after treatment 

With the introduction of targeted agents and immune checkpoint in-
ibitors, the overall survival of patients with advanced NSCLC has been
ignificantly extended. 35–53 Guo et al 54 found that 1–7% of advanced
SCLC patients could achieve complete remission (CR) after targeted

herapy or immunotherapy, which is defined as having no clinical symp-
oms, no visible lesions on imaging, and no abnormalities of the car-
inoembryonic antigen (CEA). Furthermore, Ni et al 55 discovered that
ocal consolidation therapy (LCT) after targeted drug therapy could fur-
her extend OS in epidermal growth factor receptor ( EGFR )-mutant ad-
anced NSCLC patients with extracranial oligometastasis. However, for
hese patients, there is still no class of biomarkers that can play a role
n monitoring disease status, prognosis assessment, relapse prediction or
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t  
ven determining the truely cured group, but the advent of ctDNA-based
RD provides us with such a possibility. 

In the KEYNOTE-010 and KEYNOTE-024 investigations, patients re-
eiving long-term immunotherapy had CR rates of 15% and 10% after
-year follow-up, respectively. 48 , 56 Another research from the same pe-
iod, NEJ026, discovered that EGFR -sensitive patients treated with er-
otinib plus bevacizumab attained a CR rate of 7%. 37 For patients who
ave achieved CR, monitoring for disease recurrence, as well as drug re-
istance, is of clinical concern. However, there are relatively few studies
elated to ctDNA-based MRD in patients with advanced non-small cell
ung cancer after treatment, and the majority of them are only for resid-
al lesions, not strictly for MRD, but these existing studies are indicative
f subsequent in-depth studies of ctDNA-based MRD in patients with ad-
anced diseases. 

An analysis of five independent clinical trials found a strong associ-
tion between ctDNA reduction and improved OS and PFS across mul-
iple endpoints evaluated in NSCLC patients treated with ICI, and there
as concordance between ctDNA levels and imaging response. 57 Fur-

hermore, another study on the use of ctDNA analysis to assess the risk
f disease progression in NSCLC patients with long-term benefits after
reatment with PD-(L)1 blockade found that ctDNA was detectable in
our of the 31 patients who participated in the study, and all four pa-
ients eventually experienced disease progression. 58 In addition, ctDNA
as demonstrated a potential predictive role in targeted therapy. Mack
t al 59 prospectively applied ctDNA detection to EGFR -positive NSCLC
atients treated with afatinib ± cetuximab. The results indicated that
omplete clearance of EGFR mutant ctDNA was strongly related with a
ower risk of disease progression. The median PFS in the ctDNA clear-
nce group was much longer than in the group with persistent ctDNA
15.1 months vs . 4.6 months). Unfortunately, there is currently a scarcity
f data on anti-angiogenesis, and more research is needed to confirm
his. 

otential role of ctDNA-based MRD in patients with oligometastatic NSCLC 

The definition of oligometastasis is still relatively controversial.
n the 2022 WCLC PL02 meeting, experts discussed the definition of
ligometastasis in lung cancer, which was defined as metastases in no
ore than 3 organs and ≤ 5 metastases in total. 60 According to pre-

ious statistics, about 37.5% of NSCLC patients will have a limited
etastatic status called "oligometastasis". Previously, oligometastatic tu-
ors were regarded to be a stage between limited and extensive metas-

ases. For this group of patients, combining local therapy with sys-
emic therapy can significantly improve the prognosis for survival. 61 

owever, as of now, there is no valid predictive marker for the prog-
osis of oligometastases, which can only be determined by imaging
erformance. However, the 5-year OS of patients with oligometastases
an range from 8.3% to 86%, which is highly heterogeneous, and the
maging performance alone cannot accurately reflect the disease sta-
us of patients. 62 ctDNA-based MRD monitoring may be a supplement
o imaging and provide a reference for clinical decision-making. No-
ably, there is still some debate as to whether local or systemic therapy
hould be administered to patients with oligometastases first. Existing
tudies have demonstrated that sequential pembrolizumab after local
herapy can also extend median PFS in patients with oligometastatic
SCLC, but there is no consensus on this matter and more research is

equired to add to the findings. 63 It also merits further investigation to
etermine whether ctDNA-based MRD can be used to inform clinical
udgments. 

otential role of ctDNA-based MRD in monitoring and predicting early 

umor response to therapy 

Imaging is a frequent method for assessing tumor outcomes. PET-CT
ay indicate minimal metabolic activity following therapy when the

esion is stable, but imaging is frequently difficult to accurately detect
211 
he status of the tumor when the patient is treated and the lesion devel-
ps inflammatory reactions, cavities, fibrotic alterations, and so on. Fur-
hermore, with the development of novel therapeutic modalities like im-
unotherapy, tumor pseudoprogression as a new mode of atypical treat-
ent response can be found in 3–5% of NSCLC patients with a markedly

uperior survival benefit than actual progression. 64 With imaging as the
nly tool, the clinical scenario mentioned above will be more difficult to
onitor for disease. In contrast to the fact that ctDNA levels tend to rise
ith genuine progression, they tend to fall or remain steady when ther-
peutic benefits are present. Lee et al 65 showed the predictive value of
tDNA for the diagnosis of tumor pseudoprogression with a sensitivity
f 90% to 100% in a study evaluating the correlation between ctDNA
nd pseudoprogression in patients with metastatic melanoma following
mmunotherapy. Applications for ctDNA in this section may be compa-
able to those previously stated in patients with CR, in that they diverge
lightly from MRD in the strict sense, favoring a broader concept of resid-
al lesions. In general, all of the studies that are now available imply
hat ctDNA-based MRD can be employed as a biomarker with a poten-
ial function in the monitoring and prediction of early tumor response
o therapy, in addition to complementing existing imaging examinations
or tumor surveillance. 

ole of ctDNA-based MRD in guiding treatment patterns in patients with 

dvanced NSCLC 

CtDNA-based MRD is a potential biomarker for tumor monitoring,
rognostic assessment, and recurrence prediction, as well as guiding
reatment decisions; however, there is still a dearth of prospective study
n the clinical utility of MRD in advanced NSCLC. It is reassuring to
ote that some prospective clinical researches on the optimal duration
f therapy as well as the availability and duration of "drug holidays" are
nderway. 

At the World Congress of Lung Cancer (WCLC) in 2021, Prof. Wu
riginally proposed the "drug holiday" concept for patients with ad-
anced NSCLC, which means a period of drug discontinuation after long-
erm use. In this exploratory investigation based on the CTONG1602
linical trial, 66 29 patients with advanced NSCLC were enrolled and
eceived treatment with EGFR-tyrosine kinase inhibitors (TKI) and
CT. MRD status was determined using the tumor a priori NGS ap-
roach [ Fig. 2 ]. This study initially demonstrated the viability of stop-
ing targeted therapy in advanced NSCLC patients with oligometastatic
GFR /anaplastic lymphoma kinase ( ALK ) mutation positivity after tar-
eted and local therapies result in CR and MRD detection negativity.
urthermore, it was discovered that the median time of the first "drug
oliday" was 117 days (5–434 days), the response rate (RR) reached
00% in 8 patients who were retreated, and some patients even had the
pportunity for the second "drug holiday". These findings demonstrated
hat the application of "drug holidays" did not result in the development
f TKI resistance at an early stage, but rather that the time of TKI resis-
ance was more likely to be delayed. 

Intriguingly, although the concept of "drug holidays" was put up for
atients with advanced NSCLC, it would really be more appropriate
or those with early to mid-stage operable NSCLC. In the DYNAMIC re-
earch, 67 plasma ctDNA levels were dynamically assessed before surgery
time A), 5 min, 30 min, 2 h following surgery (time B – time D), as well
s 1 day, 3 days, and 1 month afterward (time P1 – time P3) in 36
atients with operable NSCLC in stages I to IIIA. The outcomes demon-
trated that the plasma ctDNA concentration after radical tumor resec-
ion showed a rapid downward trend (the mean mutation allele scores
t time A to time D were 2.72%, 2.11%, 1.14%, and 0.17%, respec-
ively), and the half-life of ctDNA in MRD-positive patients was signif-
cantly longer than that in MRD negative patients (103.2 minutes vs .
9.7 minutes). In addition, patients with detectable and undetectable
tDNA concentrations at time P1 had relapse-free survival of 528 and
43 days, as opposed to 278 and 637 days at time P2. When compared
o individuals with advanced cancer, patients with early- to mid-stage
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Fig. 2. Process of drug holiday study based on ctDNA-MRD status in patients with advanced NSCLC. Advanced NSCLC patients must have genetic testing, and those 
with EGFR or ALK mutations will receive TKI treatment or combination LCT. Patients will receive ctDNA-based MRD detection after reaching CR as determined by 
Response Evaluation Criteria In Solid Tumors (RECIST) v1.1, and the next route will be as follows: (1) If the MRD detection is positive, continue TKI therapy; (2) If 
the MRD detection is negative, take a drug holiday. During the drug holiday period, the ctDNA-based MRD detection is conducted every three months, and if the 
detection result is positive once again, TKI therapy is repeated; importantly, if the MRD is negative after retreatment, the patient can re-enter the drug holiday. 
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perable disease may experience shorter ctDNA half-life and longer
elapse-free survival, which could result in earlier and longer “drug
olidays ”. 

imitations of ctDNA-based MRD detection and its application in 

linical practice 

MRD has a broad application prospect and may revolutionize the
reatment pattern of NSCLC patients in the future, but there are still
ome limitations at present. 

imitations in technology 

First, ctDNA-based MRD detection lacks sufficient sensitivity. MRD
tatus is dependent on ctDNA levels, and given that ctDNA and tumor
urden are correlated, early-stage patients and patients who have re-
eived treatment have relatively little ctDNA released from residual tu-
or cells. 17 , 68 Over time, tumor cells accumulate in the body to a certain

mount and the amount of ctDNA released rises. It is only currently pos-
ible to detect tumor traces in the peripheral blood when the lowest line
f detection is exceeded, which also explains why more MRD positivity
s detected by dynamic tests. However, the current clinical practice ur-
ently requires the ability to detect MRD with few tumor cells, hence
he sensitivity of the detection method still needs to be improved. 

Second, the criteria for judging positive ctDNA-based MRD are not
niform. Due to the prevalence of MRD application in solid tumors, there
re numerous MRD detection technology platforms, and the technolo-
ies chosen in each clinical study differ, making it difficult to compare
tudies and creating uncertainty regarding the MRD status assessment. 

Last but not least, the timing and period of ctDNA-based MRD detec-
ion are inconclusive. In the Zhang et al’s investigation, 23 MRD detection
as carried out as follows: (1) preoperation: 3 days before surgery; (2)

andmark time point: in patients who did not receive adjuvant therapy:
 month ( ± 7 days) after surgery; in patients who did receive adjuvant
herapy: 1 month ( ± 7 days) after the last cycle of chemotherapy; in pa-
ients who received adjuvant long-term EGFR-TKI and ICIs: 1 month
 ± 14 days) after surgery and before the adjuvant therapy; (3) longitu-
inal time points: every 3–6 months since the landmark detection; (4)
urveillance time point: within 6 months before relapse. However, in
he DYNAMIC study previously described, 67 the MRD detection was per-
ormed at the following time points: (1) immediately prior to surgery;
2) 5 minutes, 30 minutes, and 2 hours after surgery; (3) 1 day, 3 days,
nd 30 days after surgery. The timing and period of MRD detection vary
mong the available studies of ctDNA-based MRD. Further research is
equired to comprehend the precise effects of these parameters on the
RD results. 
212 
imitations in application 

Multiple steps, including clinical prognostic validation and clinical
ntervention studies, are necessary for the clinical translation of ctDNA-
ased MRD. The clinical prognostic validation based on the research
n the use of ctDNA-based MRD in this paper has been supported by
 certain amount of data, but the clinical intervention studies are still
nsufficient, which also results in the lack of uniform and perfect stan-
ards for its application in current clinical practice. Additionally, the
doption of this technology in clinical settings is constrained by its high
ost based on the intricacy of its detecting technique. 

uture directions and challenges 

From the current research data, the value of ctDNA-based MRD de-
ection in NSCLC is gradually being recognized, but the transition from
linical trials to clinical practice still faces great challenges. Although
tDNA-based MRD is intended to be used in NSCLC as a reliable prog-
ostic biomarker, there is currently insufficient evidence to support
ts use as a predictive biomarker. To support the transition of ctDNA-
ased MRD detection into regular clinical practice, large-scale prospec-
ive clinical trial results are required. 

ormative standards 

The use of ultrasensitive assays is a crucial strategy for enhancing
nalytical sensitivity, but the tested samples are crucial factors that
re more prone to being ignored. To ensure widespread clinical use
f ctDNA-based MRD, a standard evaluation system for ctDNA collec-
ion, storage, and analysis methods must be developed. This system
ust include specifications of the time point of sample collection, sam-
le collection process, sample storage process, gene bank preparation
rocess, unique molecular identifiers, methods for variant calling, and
arget error correction. According to several researches, plasma samples
re superior for ctDNA detection than serum samples, ethylene diamine
etraacetic acid (EDTA) anticoagulated tubes or cell-stable tubes are
est for storage, and repeated freezing and thawing should be avoided
hile storing samples. 69 Additionally, patients with early-stage cancer
ave low levels of ctDNA, making it difficult to acquire accurate results
rom analyses of just 5–10 mL of blood. 17 For patients with different
tages of NSCLC, the amount of sample collection can be defined differ-
ntly according to the ctDNA abundance to improve the accuracy of the
nalysis. Notably, the positive rate of MRD detection in NSCLC patients
ith brain metastases only was only 20%, and the reasons behind the

ow sensitivity of the test in this group of patients remain to be further
xplored. 23 
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linical application 

The application of ctDNA-based MRD has a very promising future,
ut there are still several controversies regarding the clinical application
f ctDNA-based MRD detection. 

Firstly, the choice between single-site or longitudinal detection.
tudies have shown that 96.8% of patients with longitudinally unde-
ectable MRD remain disease-free at the last follow-up. 23 Compared to
ingle point-in-time detection, the survival curve for patients with lon-
itudinally undetectable MRD is close to perfect and is not affected by
linical staging, which means that patients with persistently negative
RD may represent a potentially curable population. 

Secondly, the issue of timing of detection. An earlier Chinese expert
onsensus stated that the best time to test for MRD should be within 1
eek to 1 month after radical resection of tumor for NSCLC patients. 9 

owever, some studies have shown that the peak time period for de-
ectable MRD occurrence is 12 months to 18 months after surgery. 23 

iven the limited samples and observations, the optimal timing of de-
ection still needs to be further explored. 

Thirdly, whether ctDNA-based MRD detection is appropriate for non-
hedding tumor. Studies have shown that 54.5% of patients were de-
ected MRD positive in residual blood from surgically resected lung tis-
ue but not in peripheral blood, confirming the non-degenerative nature
f the tumor. In samples with MRD detected in both residual blood and
eripheral blood, the concentration of ctDNA in residual blood was sig-
ificantly higher than in peripheral blood. 23 This implies that at the cur-
ent state of the art, the application of ctDNA-based MRD via peripheral
lood detection may not be applicable to this population, and further
mprovements in the sensitivity of the test are needed to overcome this
roblem. 

In conclusion, the use of ctDNA-based MRD has made it possible to
witch from monitoring for dominant metastases to monitoring for oc-
ult metastases in the management of solid tumors such as lung cancer.
s additional data come in, ctDNA-based MRD detection may be a cru-
ial component of diagnosis and therapy. In order to build a consistent
RD assessment system and validate the clinical utility of MRD, more

esearch is still required. Overall, using ctDNA-based MRD analysis to
ssist clinical decisions and increase patient survival is very advanta-
eous in the era of precision medicine. 
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