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Monitoring and adapting cancer treatment using 
circulating tumor DNA kinetics: Current research, 
opportunities, and challenges
Enrique Sanz-Garcia1†, Eric Zhao2†, Scott V. Bratman2,3, Lillian L. Siu1*

Circulating tumor DNA (ctDNA) has emerged as a biomarker with wide-ranging applications in cancer manage-
ment. While its role in guiding precision medicine in certain tumors via noninvasive detection of susceptibility and 
resistance alterations is now well established, recent evidence has pointed to more generalizable use in treatment 
monitoring. Quantitative changes in ctDNA levels over time (i.e., ctDNA kinetics) have shown potential as an early 
indicator of therapeutic efficacy and could enable treatment adaptation. However, ctDNA kinetics are complex 
and heterogeneous, affected by tumor biology, host physiology, and treatment factors. This review outlines the 
current preclinical and clinical knowledge of ctDNA kinetics in cancer and how early on-treatment changes in ctDNA 
levels could be applied in clinical research to collect evidence to support implementation in daily practice.

INTRODUCTION
Every cancer carries a unique complement of molecular alterations 
acquired stepwise through tumorigenesis. Through next-generation 
sequencing (NGS), the unique molecular fingerprint of each cancer 
is more accessible than ever (1). There is a growing body of research 
on the detectability of circulating tumor DNA (ctDNA) at cross-
sectional time points such as the end of definitive treatment and 
detection of molecular/minimal residual disease (MRD), which has 
prognostic implications in numerous cancer types (2). However, 
the understanding of ctDNA kinetics early on during the treatment 
course remains nascent. This is an area with great potential to guide 
clinical decision-making, especially with the increasing use of 
immune checkpoint inhibitors, where imaging at the usual decision 
time points may not accurately reflect treatment response (3).

ctDNA is the component of fragmented cell-free DNA (cfDNA) 
that is derived from tumor cells. Quantitative and digital polymerase 
chain reactions (PCRs) were the first ctDNA detection approaches 
for small numbers of targets and remain useful in tumors with highly 
frequent driver mutations (i.e., KRAS in colorectal cancer) (4, 5). 
The advent of NGS allows high-throughput analysis of multiple tar-
gets, expanding both the scope and accuracy of ctDNA methods. 
Advancements in both sequencing accuracy and analytical error 
correction (6, 7) have markedly improved the sensitivity of ctDNA 
sequencing (8). Meanwhile, the increasing availability and afford-
ability of NGS, including targeted panels, exome, and whole genome 
sequencing (WGS), expands the number of available targets that can 
improve the precision of ctDNA concentration estimates. The use 
of bespoke panels has also rapidly emerged, wherein a personalized 
panel is constructed based on selected mutations captured during 
tissue sequencing and then applied to detect these tumor-specific 
mutations in plasma.

The kinetics of ctDNA depends on various biological, clinical, and 
treatment-related factors. ctDNA concentration varies by tumor 

type (9) and is broadly correlated with tumor volume (6); however, 
this correlation is confounded by tumor heterogeneity (10–12) and 
ctDNA release mechanisms (13). Having established a baseline, 
variations in ctDNA concentration are well correlated with changing 
tumor burden and may outperform conventional tumor markers 
(14). With effective treatment, ctDNA levels fall rapidly with com-
plex and variable decay patterns (15).

Here, we review the current state of knowledge regarding ctDNA 
kinetics during treatment. We will begin with a brief overview of the 
biology of ctDNA release as it pertains to treatment monitoring. 
More comprehensive reviews on ctDNA biology and technology 
are available elsewhere (2, 16). We will next survey the landscape of 
studies on clinical application of ctDNA kinetics, first outlining the 
wide array of differing approaches used in such studies (Fig. 1). We 
will limit our attention to studies that track ctDNA at multiple time 
points during treatment and attempt to use these on-treatment 
measurements to predict clinical endpoints. Our goal is to identify 
opportunities for clinical translation of ctDNA kinetics as an early 
on-treatment biomarker.

Mechanisms of ctDNA release and clearance in cancer
Our understanding of the mechanisms of ctDNA release stems from 
fundamental studies on cellular death and turnover in the body. 
Under normal circumstances, the vast majority of cfDNA in the cir-
culation is derived from nucleated blood cells (17). This is thought 
to be explained by the accessibility of marrow-resident and circulat-
ing blood cells to the vascular space as well as rapid cellular turn-
over (18). Natural within-subject variability of cfDNA levels day to 
day has been estimated at 25%, with levels typically declining over 
the course of the day (19). Statistical modeling suggests that a shift 
of over 70% would be required to denote a substantial shift above 
normal background variation (19). Regular activities such as exer-
cise can result in a marked increase in cfDNA levels (20, 21). In 
pathological states including cancer, as well as sepsis, inflammatory 
conditions, or organ injury, other tissue-specific circulating cfDNA 
is found in greater abundance (17, 22, 23). ctDNA levels are influ-
enced by rates of cell turnover and mechanisms of cell death. In lung 
cancer, for example, mathematical modeling suggests that tumor cells 
shed 0.014% of their DNA into the bloodstream per cell death (24). 
In this model, the tumor size necessary for detectability is inversely 
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proportional to the rate of ctDNA shedding. Induction of necrosis 
and apoptosis stimulates ctDNA release (25, 26), while senescence 
prevents ctDNA release (13).

Once cfDNA/ctDNA enters the circulation, it is rapidly cleared 
within a matter of minutes (min). This was first demonstrated in the 
setting of fetal cfDNA in the maternal circulation where the mean 
cfDNA half-life was 16.3 min (range, 4 to 30 min) (27). Tumor 
resection produces a similarly rapid decline in ctDNA concentration 
(28–30), albeit with a slower decay rate in patients with residual 
cancer (15). This finding highlights how careful elucidation of 
ctDNA kinetics could be a powerful indicator of recurrence risk.

The mechanisms of cfDNA clearance are incompletely charac-
terized. Renal excretion plays a role (31–33) but may account for 
less than 20% of total cfDNA turnover (34, 35). Moreover, renal clear-
ance appears to be variable and has been observed to yield cyclical 
peaks and troughs when monitored daily (32). Mouse studies showed 
that a sizeable fraction of nucleic acids was sequestered into the liver 
and spleen, suggesting immune-mediated clearance through the re-
ticuloendothelial system (35, 36). Delayed clearance of fetal DNA 
from maternal plasma is observed during preeclampsia, implicating 
the relevance of hepatic or renal dysfunction in the clearance pro-
cess (37). It has also been postulated that circulating endonucleases 
and hepatocyte-associated exonucleases contribute to cfDNA deg-
radation (38). Together, there are multiple phases of cfDNA 
metabolism and clearance, which can result in complex decay ki-
netics (34, 36).

Study methodologies are variable and evolving
Coincident with investigations into the biological mechanisms dic-
tating ctDNA kinetics has been a plethora of observational studies 
describing these kinetics across a range of clinical settings. Synthe-
sizing findings across studies is challenging because of variability in 
study design, patient populations under evaluation, and techniques 
used. One source of variability unique to the study of ctDNA kinetics 
arises from differences in time points for blood collection. These 
variables allow studies to address different scientific or clinical ques-
tions. Another source of variability across studies stems from the 
steady progression of ctDNA detection techniques. This includes 
advancements in DNA capture, sequencing, and downstream bio-
informatics analysis, which have had the combined effect of im-
proving detection sensitivity through signal enrichment and error 
suppression. What follows is a brief discussion of variables in study 
design and techniques, with mention of trends observed across the 
literature.
Biomarkers
NGS has expanded the pool of available ctDNA biomarkers. While 
nearly all studies included in this review estimate ctDNA concentra-
tion, the specific biomarkers examined vary. In virally driven tumors 
such as human papilloma virus–driven cervical or head and neck 
cancers and Epstein-Barr virus (EBV)–driven nasopharyngeal cancer 
(NPC) and lymphoma, measurement of viral DNA provides a 
robust cancer-specific biomarker (39–41). In cancer types with 
characteristic driver mutations, droplet digital PCR (ddPCR)–based 

Fig. 1. ctDNA kinetics vary with kinetics of release and degradation/clearance and interact closely with treatment effects. The interplay of these factors governs 
the various potential applications of ctDNA along the cancer treatment timeline. Both early transient changes in ctDNA and gradual decay kinetics may be informative of 
response to treatment. Understanding the implications of these kinetics may inform treatment decisions, allowing for early adjustments. Studies examining ctDNA kinetics 
vary by how they quantify ctDNA, which time points they sample, what metrics are used to summarize ctDNA kinetics, and which clinical outcomes they collect. WES, 
whole exome sequencing.
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assays were used to detect mutations in genes such as EGFR, BRAF, 
KRAS, or EWSR1 fusions (42–45). Although there can be variability 
in concentration between different mutations stemming from copy 
number variation or tumor heterogeneity, ctDNA allele fractions 
are often well correlated with cancer tissue sequencing (46). Infer-
ence of copy number profiles and sequencing multiple genes using 
NGS to identify “trunk” mutations can help mitigate these sources 
of variability. Another emerging method is the detection of methylated 
ctDNA, which has characteristic patterns in distinct tumor types; 
notably, there are numerous recurrent cancer-specific DNA methyl
ation aberrations, and these can be measured using PCR- and NGS-
based assays (47–51). The strength of methylated DNA as a biomarker 
is that it does not rely on the presence of specific mutations.
Collection time points
Studies varied substantially in their temporal resolution; many studies 
sampled only a few on-treatment time points (52, 53), whereas others 
collected an abundance of time points, even daily in the case of one 
study of cfDNA in urine (32). The sampling strategy generally 
reflected the clinical or biological phenomenon under study. For 
example, studies examining rapid shifts in ctDNA triggered by 
treatment performed frequent blood draws shortly after treatment, 
followed by more widely spaced collections thereafter (15, 54, 55). 
One common strategy for systemic therapy studies was to collect 
samples at baseline and at various predetermined endpoints such as 
specific treatment cycles or upon disease progression (56).
Summary metrics
Although studies can report mutant allele counts or frequencies di-
rectly, there has been a desire for normalized scores to quantify ctDNA 
kinetics. Mutation allele ratio in therapy (MART) (57) is defined as 
the ratio of the plasma mutation score (number of reads containing 
a mutation in cfDNA) after the initiation of therapy to that before 
therapy. The circulating DNA ratio (CDR) score, which has also 
been called the molecular response ratio, is defined similarly as the 
variant allele fraction (VAF, the number of reads matching a specific 
DNA variant divided by the total number of reads covering the ge-
nomic locus) during therapy divided by the baseline VAF (58–60). 
A potential weakness of VAF-based metrics is that their denominator 
can be confounded by the natural background variability of non-
tumor cfDNA and by exercise, infection, or trauma each of which 
can raise cfDNA levels, as discussed above. This can cause artificial 
shifts in ctDNA allele frequencies, which can obfuscate kinetics. There-
fore, concentration-based metrics such as mutations per milliliter 
of plasma are preferable for clinical reporting purposes. It is worth 
noting that, while concentration-based metrics reduce clinical and 
biological uncertainty, a recent analysis has shown that they may be 
more susceptible to certain technical artifacts such as coverage bias, 
especially when using NGS rather than ddPCR (61). Therefore, care 
is always advised in technical validation of laboratory methods and 
analytical workflows.

The choice of time points also affects summary metrics. Studies 
with few time points, such as one baseline and one mid-treatment 
time point, are limited to only one comparison to establish ctDNA 
kinetics and are almost certain to miss transient shifts. However, 
studies that capture multiple time points produce an abundance of 
data that can be challenging to interpret, especially if there is vari-
ability in the timing of collections between participants. A common 
strategy of such studies is to classify participants into a limited number 
of typical clearance profiles (54, 62). These characteristic classes can 
be identified statistically using clustering-based approaches (62). 

Treatment outcomes are then compared between participants fall-
ing into these classes, allowing all time points to be used in the dis-
covery of dimensionally reduced model simple enough for clinical 
application. Another strategy to account for variability in sampling 
times is to assess the slope of ctDNA changes, defined as the 
change in ctDNA levels divided by the difference in time between 
each pair of consecutive samples. Each of these strategies requires 
further validation.
Clinical endpoints
Given the time-dependent nature of ctDNA kinetics metrics, there 
is substantial temporal dependency of outcome measures. Radiographic 
response is a commonly used outcome measure. Studies also exam-
ined various time-to-response or survival-based endpoints based on 
the study population and the nature of treatment. Clinical studies 
often attempt to predict patients with higher chances of durable re-
sponse based on ctDNA change or clearance. Many also investigate 
whether ctDNA kinetics can predict relapse with meaningful lead time.
ctDNA detection and analysis
Most of the studies have used a form of quantitative/digital PCR to 
measure ctDNA bearing a specific variant of interest. However, 
application of NGS-based techniques is growing increasingly com-
mon and includes a wide spectrum of approaches ranging from 
small targeted panels to WGS (63, 64). Panel-based NGS approaches 
have varied in their breadth of targeted sequences from single genes 
to many hundreds (65). Most panels target a small number of genes 
for deep sequencing; these are designed for target detection rather 
than ctDNA tracking and are thus limited in their detection sen-
sitivity and the ability to reveal emerging subclones. Larger panels 
that allow for aggregation of multiple mutations per patient are 
potentially better suited for high sensitivity ctDNA tracking (6). On 
the other end of the spectrum, WGS can profile all tumor-derived 
genomic aberrations but does not generally have sufficient depth 
for tracking individual mutations; for this reason, WGS has not yet 
been widely explored for ctDNA tracking (66, 67). The afore-
mentioned NGS methods can been applied in either a “tumor-
informed” manner (i.e., tissue analysis is conducted to verify tumor 
specificity of aberrations observed in plasma) or a “tumor-agnostic” 
manner (6, 67). While tumor-informed approaches introduce logis-
tical complexity into assay workflow, they have the advantage of 
boosting confidence in the origin of putative cancer-derived aberra-
tions through analysis of concordant mutations (68). Both tumor-
informed and tumor-agnostic NGS methods are susceptible to 
spurious signals as a result of clonal hematopoiesis (69). For this 
reason, peripheral blood leukocytes are often sequenced alongside 
plasma cfDNA, and aberrations derived from clonal hematopoiesis 
are filtered.

To further ensure specificity of putative ctDNA signals, many 
studies are now using individualized (i.e., bespoke) NGS panels. This 
approach may improve specificity and standardization by tracking 
a fixed number of robust tumor-specific variants (54). Bespoke ctDNA 
assays are best suited to ensure that the tracked mutations are truly 
tumor-derived as opposed to arising from noncancerous tissues. 
One potential limitation of bespoke ctDNA assays is that its perform
ance can be affected by spatial and temporal tumor heterogeneity; 
panels could be constructed from nonrepresentative biopsies and 
are not designed to detect emerging mutations in resistant sub-
clones. Furthermore, the process of designing individualized NGS 
panels can also lengthen turnaround time of the assay compared 
with fixed-panel NGS or WGS.
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CLINICAL APPLICATIONS OF ctDNA KINETICS
Surgery
Levels of nonspecific cfDNA increase after trauma and surgery re-
gardless of the procedure or its indication (70, 71). Substantial 
increases have been observed after resection of malignant tumors 
(72, 73), as well as hip replacement (72) and endoscopic decompres-
sion (74). The level of cfDNA increase was as much as eightfold, 
varied depending on the procedure, and persisted for up to 4 weeks.

By contrast, in the case of oncologic surgery, ctDNA shows the 
opposite kinetics. For instance, in patients who underwent com-
plete resection (R0) of colorectal carcinoma (CRC), a sharp drop in 
ctDNA level was observed by the day of discharge (2 to 10 days after 
surgery) with a 99% median decrease in ctDNA (30). Most of this 
decrease occurred by 24 hours after surgery with an estimated half-
life of 114 min. Recently, the DYNAMIC study examined rapid 
postoperative shifts in ctDNA levels in patients undergoing lung 
cancer resection, collecting samples at 5 min, 30 min, 2 hours, 24 hours, 
3 days, and 30 days after surgery (15). Median ctDNA half-life was 
estimated to be shorter than the aforementioned CRC study (35 min), 
possibly due to finer temporal resolution. A transient ctDNA peak 
5 min after surgery was observed in patients who underwent lobectomy 
as opposed to wedge resection (15). On the other hand, incomplete 
resection is correlated with delayed clearance of ctDNA. Patients 
with CRC with incomplete resections displayed slower decrease or 
even elevation of ctDNA within the first 24 hours after surgery, per-
haps due to injury of remnant tumor tissue during the surgery. In 
DYNAMIC, although all patients had complete resections, patients 
who were later found to have MRD had significantly longer ctDNA 
decay half-life (103.2 min versus 29.7 min). Moreover, all patients 
without ctDNA clearance by day 3 after surgery recurred or died 
later during follow-up, suggesting that rapid ctDNA clearance may 
have prognostic implications.

MRD after surgery detected by ctDNA predicts worse disease-
free survival and overall survival (OS) across many tumor types such 
as colorectal (30, 75, 76), pancreatic (77), breast (78–80), and lung 
(81) carcinoma and may precede radiological recurrence. However, 
few studies have focused on detecting changes in ctDNA within a 
short period after surgery (i.e., 2 months) (15, 78, 82–88). Early find-
ings suggest that slower ctDNA decay rate is associated with incom-
plete resection and MRD, which may enable earlier prediction of 
recurrence risk and stratify patients to receive short-interval post-
operative therapy. Most of these studies are retrospective with variable 
postsurgery collection time points, and prospective trials are needed 
to establish optimal sampling. Thus, early postsurgical ctDNA 
kinetics are a promising potential predictor of recurrence risk that 
requires further study before it can be used clinically.

Use in radiotherapy
A subset of patients exhibit a transient peak in ctDNA levels in the 
days following initiation of radiotherapy (89). Subsequently, most 
patients who undergo definitive radiotherapy demonstrate a steady 
decline in ctDNA concentration over the course of treatment, mea-
surable by weeks 2 and 3. The median half-life of this decline has been 
estimated at 3 to 8 days (89, 90). Most of the patients clear ctDNA 
completely, and residual ctDNA at the end of treatment is a poor 
prognostic marker (52, 53, 91, 92). However, even some patients with-
out detectable end-of-treatment ctDNA nevertheless recur. This raises 
the question of whether monitoring ctDNA kinetics during radio-
therapy may enable early detection of high-risk disease, granting a 

window of opportunity for treatment intensification, for example, 
by expanding the treatment field or adding a concurrent systemic 
therapy such as an immune checkpoint inhibitor. Conversely, rapid 
ctDNA clearance may allow for de-escalation by withdrawing 
radiosensitizing chemotherapy and/or shortening the treatment 
course. Both the transient peak and the decay phase have been ex-
amined for treatment monitoring and may inform patient stratifi-
cation for early treatment modification.

The transient peak has been hypothesized to result from a brief 
period of rapid cell death and is a potential indicator of treatment 
response. The timing of peaks was predictive of treatment response 
in patients with NPC who underwent induction chemotherapy followed 
by chemoradiotherapy. This study of EBV DNA in 673 patients with 
nonmetastatic NPC undergoing induction chemotherapy followed 
by chemoradiotherapy described eight distinct ctDNA kinetics pat-
terns. Samples with transient peaks during the earlier induction 
chemotherapy phase had significantly better outcomes than those with 
transient peaks during the later chemoradiotherapy phase. Allowing 
for differences in treatment modality, the authors postulated that late 
transient peaks may have been indicative of chemotherapy-resistant 
subclones and thus predictive of increased recurrence risk (62).

The decay phase varies in its rate and completeness and has been 
studied at various temporal resolutions. The simplest approach is to 
sample ctDNA at baseline, end of treatment, and one mid-treatment 
time point. Mid-treatment ctDNA was first investigated in 107 patients 
with locally advanced NPC, where persistent mid-treatment 
EBV DNA was associated with worse rates of distant recurrence, 
progression-free survival (PFS), and OS (53). Increasing sampling 
allows for more granular observation of ctDNA kinetics and more 
precise estimation of the decay half-life. The importance of half-life 
was illustrated in a study of nonmetastatic NPC receiving radical 
intensity modulated radiotherapy with concurrent chemotherapy 
wherein clearance half-life was predictive of PFS (90). While 
postradiotherapy EBV DNA levels represent a more specific poor 
prognostic marker than mid-radiotherapy levels (93), persistent 
mid-radiotherapy EBV DNA could be a sensitive early predictor of 
recurrence risk. Delayed ctDNA clearance may result from radio-
resistance, incomplete tumor coverage, or occult regional/distant tumor 
extension.

Use in chemotherapy
The most consistent finding regarding ctDNA kinetics in chemo-
therapy is that ctDNA levels decline within the first few days of treat-
ment regardless of clinical response (4, 94), and a greater decline is 
often associated with improved outcomes (4, 55, 95–97). Less con-
sistent, however, is the observation of transient ctDNA peaks after 
chemotherapy being noted by some (4, 96), while others show an 
immediate decrease after treatment (55, 95). Some studies have sug-
gested that such peaks may predict eventual radiological response. 
In a prospective trial of 53 patients with CRC, four showed a tran-
sient spike on day 3, and three of these four patients had an excel-
lent response to standard first line chemotherapy (96).

Determining the timing of ctDNA nadir could also provide early 
clues of chemotherapy response and help to optimize the timing of 
ctDNA sampling. Although different studies have addressed this 
question, there is no clear conclusion due to disparity in the timing 
of blood collection and methods for ctDNA detection. Estimate nadir 
has varied from 2 weeks after the first dose of gemcitabine-based 
chemotherapy in pancreatic cancer (4) to 3 weeks in Ewing Sarcoma 
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treated with induction chemotherapy (94) or to 37 days in high-grade 
serous ovarian cancer (97).

Clearance of ctDNA has been suggested as the most robust bio-
marker for response and survival in patients treated with chemo-
therapy across tumor types (98, 99). Moreover, there is evidence in 
selected tumor types that absence of early clearance within the first 
weeks of chemotherapy could predict relapse (94). Nevertheless, 
ctDNA clearance may be delayed or incomplete (100), and studies 
that examine earlier relative ctDNA changes compared to baseline 
are needed to predict treatment outcome before standard radiological 
assessments. Table 1 summarizes several studies and their varying 
approaches to answer this question (65, 66, 96, 97, 101–104). A limita-
tion that many of these studies share is that they target only a single 
mutation in ctDNA, such as KRAS in pancreatic cancer (104) or 
TP53 in ovarian cancer (97) or a single gene fusion such as EWRS1 
in Ewing Sarcoma (94). While these mutations may be prevalent 
within these tumor types and the technology used (ddPCR) is per se 
highly sensitive, this can limit generalizability to tumors lacking these 
mutations. The remaining studies used fixed NGS panels (i.e., small 
cell lung, colorectal, and pancreas cancers) (65, 66, 103), cancer per-
sonalized profiling by deep sequencing (CAPP-seq) (i.e., lymphoma) 
(102), or tumor-plasma intersection bespoke panels (i.e., gastro-
intestinal malignancies) (101), with limitations of each of these 
platforms as discussed earlier in this review.

One of the main hurdles to using ctDNA kinetics as a predictive 
factor is to identify the optimal time point to measure changes, which 
may vary according to tumor biology or drug mechanism. Findings 
of Osumi et al. (103) highlight an important trade-off: Earlier time 
points could support more prompt clinical decisions but at the cost 
of poorer sensitivity in predicting eventual treatment response or 
progression. The BEECH study (a randomized phase 2 study evaluat-
ing paclitaxel ± AKT inhibitor in advanced estrogen receptor–positive 
breast cancer) provides an innovative approach for selecting the best 
time point for ctDNA analysis (58). This study has a discovery cohort 
where intensive plasma analysis was performed weekly for 4 weeks, 
and day 28 after treatment was identified as the optimal time point 
for predicting PFS, which was subsequently confirmed in the vali-
dation cohort.

ctDNA kinetics may assist in predicting response in potentially 
curative settings such as neoadjuvant chemotherapy. The I-SPY-2 
clinical trial evaluated ctDNA kinetics in 58 patients with early stage 
breast carcinoma treated with neoadjuvant chemotherapy (anthra-
cyclines followed by paclitaxel) ± AKT inhibitor (99). Bespoke ctDNA 
positivity decreased from 73% of patients at baseline to 35% after 
3 weeks, 14% at the end of anthracyclines, and 9% at the end of all 
chemotherapy. At the early time point of 3 weeks, patients with un-
detectable ctDNA were more likely to have pathologic complete 
response (48% versus 17%) and had longer relapse-free survival 
even if they did not achieve pathologic complete response. Detect-
able ctDNA predicted metastatic recurrence regardless of the direc-
tion of change. These findings suggest an opportunity to modify 
treatment or introduce additional therapies if ctDNA does not de-
crease significantly during the early phase of treatment.

In conclusion, early ctDNA kinetics from mutation-based ctDNA 
seems to predict outcome of chemotherapy. Moreover, there are 
other alternative ctDNA markers that have also been suggested as 
treatment response predictors such as methylated ctDNA kinetics 
in patients with CRC (47) or viral-related DNA kinetics in certain 
lymphomas (41) and NPC.

Use in targeted therapy
The most relevant studies evaluating ctDNA changes in relation to 
targeted therapy have been performed in patients with non–small 
cell lung carcinoma (NSCLC) treated with epidermal growth factor 
receptor (EGFR) inhibitors. ctDNA kinetics share many similar fea-
tures to those described during chemotherapy. Intensive ctDNA 
analysis of EGFR mutations at multiple time points within the first 
week of treatment demonstrated an 11-fold peak at 26 hours in one 
responder followed by a ctDNA reduction during the next 2 days. 
By contrast, a nonresponder showed a steep rise of EGFR mutation 
levels at day 5 followed by a later decline, but levels remained above 
baseline (43). Similar kinetics were reported in patients with BRAF 
mutant melanoma who were treated with BRAF and MEK inhibi-
tors (105). Early decrease in ctDNA (2 to 4 weeks) after the start of 
EGFR inhibitor therapy (erlotinib and gefitinib) was correlated with 
an improvement in median OS by around 7 months (106) or with a 
favorable RECIST (response evaluation criteria in solid tumors) 
radiological response (44). However, these correlations have only 
been shown with specific EGFR mutations, such as L858R, but vali-
dation in other EGFR mutations is needed (107).

Normalized metrics of ctDNA change have been used in targeted 
therapy tracking such as the previously described MART and CDR 
scores (which capture the ratio of on-treatment to pretreatment 
mutant allele count or fraction). In EGFR mutant NSCLC, all cases 
with disease progression showed MART > 0.1, while this result was 
only seen in 22% of patients without disease progression (57). Fur-
thermore, among all patients with MART > 0.1, those with disease 
progression had higher plasma mutation score. Thus, combining 
plasma mutation score and MART may be a more comprehensive 
approach to predict benefit from EGFR inhibitors in EGFR mutant 
NSCLC. Similarly, CDR at day 15 was evaluated in hormone receptor–
positive breast cancer patients enrolled in the PALOMA-3 trial that 
evaluated fulvestrant and palbociclib (59). Samples at baseline and 
day 15 were analyzed for PI3KCA and ESR1 mutations using ddPCR.  
PI3KCA and ESR1 CDR at day 15 value was lower in patients treated 
with palbociclib, indicating a larger reduction in ctDNA abundance. 
Moreover, PI3KCA CDR at day 15 correlated with PFS on palbociclib 
and fulvestrant.

Again, many of these studies use highly targeted approaches that 
cannot detect emergence of previously unidentified mutations. This 
limitation carries particular relevance to targeted therapies in which 
failure is often related to specific well-characterized resistance 
mutations. This limitation can be mitigated by including common 
resistance mutations in testing, such as T790M in EGFR-mutated 
lung cancers, as has been extensively reviewed previously (108). 
However, this is more challenging when the resistance mechanism 
is not well known.

Use in immunotherapy
Early changes in ctDNA have become a relevant topic in patients 
treated with immunotherapy, especially checkpoint inhibitors. Dif-
ferent patterns of response to immunotherapy according to ctDNA 
kinetics have been proposed. For instance, patients with NSCLC have 
been observed to follow one of the three trends: rapid complete 
clearance (responders), fluctuation or rise in 3 to 16 weeks (non-
responders), and initial reduction followed by an increase in ctDNA 
(responders with acquired resistance) (68). It is also well known that 
immunotherapy requires more time to produce cell death than other 
cancer therapies (i.e., targeted therapies), and therefore, decrease in 
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Table 1. Studies that analyze early ctDNA with treatment outcome in patients treated with chemotherapy. C, cycle; DFS, disease-free survival; 
dPCR, digital polymerase chain reaction; GI, gastrointestinal; HR, hazard ratio; PDAC, pancreatic ductal adenocarcinoma; pts, patients; PR, partial response; 
Safe-SeqS, safe sequencing system; SCLC, small cell lung carcinoma; SD, stable disease; TTP, time to progression. 

Author N
Tumor

ctDNA method Time point Conclusions
stage

Parikh et al. (101) 101 pts GI tumors stage IV ddPCR for mutations found 
in NGS on tumor Baseline and 4 weeks

Percent change of ctDNA 
by 4 weeks predicted PR 

and clinical benefit  
(PR and SD).

A decrease by 4 weeks 
≥30% predicted a longer 

PFS.

Tie et al. (96) 53 pts CRC stage IV Safe-SeqS Baseline and C2 (2 weeks 
after first dose)

Fold reduction in ctDNA 
predicts better 

radiological response 
than the absolute level 

of ctDNA.

74% of patients who had 
a ≥10-fold reduction in 

ctDNA levels had a 
radiological response at 

the first radiological 
measurement.

Wei et al. (65) 17 pts Pancreatic adeno-
carcinoma stage IV 560-gene panel NGS Baseline and C2 (2 weeks 

after first dose)

Relative changes in 
ctDNA prior cycle 2 
predict radiological 

response as all patients 
with PD as best response 

had an increase in 
ctDNA, whereas 91% of 
patients with at least SD 

at first radiological 
assessment had a 

decrease in ctDNA.

Parkinson et al. (97) 32 pts
Relapsed high-grade 

serous ovarian 
carcinoma

dPCR for TP53 mutation Baseline and C2 (21 to 28 
days after first dose)

A percentage ctDNA 
decrease of ≥60% 

between baseline and 
cycle 2 predicted a 

longer TTP compared to 
those with a decrease of 

<60% irrespective of 
disease volume.

Kurtz et al. (102) 217 pts Diffuse large B cell 
lymphoma CAPP-seq Baseline, mid cycle, cycle 

2 (28 days), and cycle 3

ctDNA drop by midpoint 
of first cycle (6 to  
16 days) predicts 

responders versus 
nonresponders.

A 100-fold decrease 
(log2) drop by the start of 
cycle 2 and a log2.5 drop 

by cycle 3 were also 
predictive for a better 

event-free survival and 
OS irrespective other 

prognosis factors.

Osumi et al. (103) 29 pts CRC stage IV 14-gene panel NGS Baseline, weeks 2 and 8

Change in ctDNA levels 
at 2 weeks could be a 

possible predictor of PFS, 
while change in ctDNA 

levels at 8 weeks predicts 
independently PFS  

and OS.

continued on next page
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ctDNA may take place later (105, 109, 110). Similarly, median time 
to significant response or decrease (>50% from baseline) in ctDNA 
is 24.5 days in a cohort of patients with metastatic NSCLC treated 
with checkpoint inhibitors (110). Unlike with other therapies, peaks 
in ctDNA have not been widely described with immunotherapy.

Clearance of ctDNA has again been suggested as the most robust 
predictive ctDNA biomarker. For instance, clearance within 12 weeks 
of immune checkpoint inhibitors predicted a 2-year OS rate of 90% 
in patients with advanced melanoma (111). Recently, the INSPIRE 
study (a pan-cancer investigator-initiated study) showed that 12 of 
73 patients who achieved ctDNA clearance at any time during treat-
ment with pembrolizumab (typically, between weeks 9 and 18) were 
alive at median follow-up of 25 months (54). Nevertheless, clear-
ance is not seen in most of the patients, and time to clearance can be 
lengthy (up to 12 cycles).

Therefore, earlier quantitative changes in ctDNA have been 
studied as potential predictive biomarkers for specific tumor types. 
For instance, a decrease in ctDNA within 4 weeks of checkpoint in-
hibitors predicted longer OS and PFS in patients with metastatic 
melanoma (109, 112). Similar findings were observed in patients with 
metastatic NSCLC within the first month of checkpoint inhibitor 
treatment (68, 110, 113), including a cohort of patients where a very 
early decrease in ctDNA (median time 2.4 weeks) predicted treat-
ment outcome (114). Moreover, multiparameter models combining 
early ctDNA kinetics and immune profiling in this cohort improved 
treatment outcome prediction (114). Similar results have been ob-
served in patients with metastatic gastric adenocarcinoma treated with 
pembrolizumab within a clinical trial (115) where a decrease in ctDNA 
at 6 weeks predicted better response and PFS. Kinetics of ctDNA 
have also been studied in earlier disease stages such as patients with 
stage IIII NSCLC. For instance, patients with rising ctDNA during 
consolidation immunotherapy after chemoradiation have a poorer 
outcome than those with decreasing ctDNA (116), suggesting that 
those with no response by ctDNA could potentially benefit from 
treatment escalation. Although the above studies showed consistent 
findings, heterogeneity in their approaches to detect ctDNA should 
be highlighted to understand such limitations. The ctDNA platforms 
used in these studies ranged from focused sequencing of a few alterations 

(109,  111) to broader NGS multigene panels (110,  113,  115), to 
CAPP-seq (114, 116), and to bespoke ctDNA evaluations (68, 112).

ctDNA kinetics may be predictive of response to immunotherapy 
in pan-cancer settings, as reported by two comprehensive studies 
addressing this issue (Table 2). Within the prospective multitumor 
INSPIRE trial, ctDNA variations from baseline to week 6 have been 
suggested as a predictive marker of clinical benefit and improved OS 
and PFS in patients treated with pembrolizumab, on the basis of multi-
variable analysis that also accounted for programmed death-ligand 1 
(PD-L1) status and tumor mutational burden (54). Second, a pooled 
analysis has correlated ctDNA changes with response rate, OS, and 
PFS in patients with advanced cancers treated with durvalumab 
and/or tremelimumab (54), validating a prior analysis of two trials 
with durvalumab (60). In this study, on-treatment VAF and a change 
between baseline and on-treatment VAF at week 6 were comple-
mentary in predicting PFS and OS. Both studies showed robust 
results despite different methodologies for tracking ctDNA. The 
INSPIRE trial uses a highly sensitive personalized approach based 
on tracking in plasma variants found in primary tumor using whole 
exome sequencing. On the other hand, the pooled analysis assay 
used a fixed 72-gene panel, which may have a lower sensitivity and 
specificity but does not rely on tissue availability.

Therefore, current evidence suggests that decrease or clearance 
of ctDNA within the first 6 weeks of treatment may predict outcome. 
However, there is no published evidence on whether earlier time 
points (i.e., 2 to 3 weeks after first dose) may correlate with outcome 
despite observations that significant ctDNA decreases occur in the 
first 2 to 4 weeks. These earlier time points may spare clinical and 
financial toxicities in nonresponders. Another potential application 
of ctDNA kinetics in patients treated with immunotherapy could be 
the ability to distinguish between true progressors and pseudopro-
gressors (when tumor size can initially increase due to immune in-
filtration before tumor shrinkage) (117). This hypothesis has been 
studied in patients with melanoma, where a decrease in ctDNA of 
over 10-fold within 12 weeks of checkpoint inhibitors was able to 
predict pseudoprogression with 90% sensitivity and 100% specificity 
(118). Similar findings were also observed in a small cohort of patients 
with metastatic NSCLC treated with nivolumab, where patients 

Author N
Tumor

ctDNA method Time point Conclusions
stage

Almodovar et al. (66) 25 pts SCLC stage IV 14-gene panel NGS Baseline, cycles 2 and 3

ctDNA decrease from 
baseline to cycle 2 or  

3 predicts radiological 
response but not PFS  

or OS.

Perets et al. (104) 5 pts PDAC stage IV KRAS dPCR Baseline and 4 weeks 
later

A significant negative 
correlation between the 

ctDNA slopes and 
survival times was found, 

suggesting that a deep 
fall in ctDNA over a short 

time correlates with 
longer OS, whereas a fast 

and marked rise in 
ctDNA predicted a 

shorter OS.
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with pseudoprogression had a marked decrease of ctDNA at 30 days, 
while true progressors did not (119). Although prospective trials are 
needed, these findings provide a first step to validate ctDNA as a 
predictive biomarker for immune checkpoint inhibitors.

While most existing studies examine checkpoint inhibitors (i.e., 
anti–PD-L1, PD-1, and CTLA-4), ctDNA kinetics have also been 
evaluated in other immunotherapies such as adoptive cell therapies, 
specifically tumor-infiltrating lymphocyte transfer. Three different 
ctDNA dynamic patterns have been seen in a cohort of 39 BRAF 
mutant melanoma patients: early peak with clearance, early peak 
without clearance, and no peak with or without clearance (120). 
Early peak was observed before day 9 of treatment in more than 
two-thirds of the patients, suggesting on-target recognition and sub-
sequent killing of malignant cells. Moreover, ctDNA clearance was 
observed in a median of 27 days. Interestingly, patients  with early 
ctDNA peak and clearance had radiological response and better OS 
compared to the other patterns.

SUMMARY AND FUTURE DIRECTIONS
Early ctDNA kinetics are emerging as a promising predictive 
biomarker of treatment outcomes. However, further development 
and validation are required before these approaches can be used 
clinically.

First, a deeper knowledge of how early ctDNA kinetics relate to 
therapy and response is needed. To date, studies have been hetero-
geneous in the ctDNA methods used, summary statistics collected, 
and time points analyzed. Moreover, most studies examining these 
questions have had small sample sizes, limiting power and general-
izability. It is necessary to establish standards and best practices to 
better systematize the evaluation of ctDNA kinetics to improve 
comparability between studies. Initiatives are now being developed 
to standardize ctDNA evaluations such as the ctMoniTR Project by 
Friends of Cancer Research Initiative that is collecting and integrat-
ing data from multiple clinical trials to better understand ctDNA 
patterns (42). Moreover, there are ongoing studies using systematic 
intensive ctDNA analysis (every 3 to 7 days within 4 weeks of the 
first infusion) to better characterize early shifts, for instance, in 
patients with metastatic head and neck squamous cell carcinoma 
(NCT04606940 and NCT03540563) or with metastatic NSCLC 
(NCT03926260). Moreover, there is no clear threshold to distin-
guish whether ctDNA changes are clinically significant or a vali-
dated optimal time point for analysis. These questions will require 
resolution before early ctDNA kinetics can be used in clinical 
practice.

Second, there is an unmet need for prospective clinical trials to 
address whether modifying therapy due to ctDNA changes before 
radiological progression improves survival outcomes. To this end, 

Table 2. ctDNA kinetics in main pan-tumor studies with checkpoint inhibitors. AUC, area under the curve; CI, confidence interval; CR, complete response; 
HNSCC, head and neck squamous cell carcinoma; RECIST, response evaluation criteria in solid tumors. 

INSPIRE Study 1108, ATLANTIC, and Study 10

[Bratman et al. (54)] [Zhang et al. (60]

Patients 73 pts in a single study 171 pts in three different studies

Number of tumor types
25 tumor types

16 tumor types (mostly NSCLC and urothelial)(five cohorts HNSCC, triple-negative breast cancer, 
ovarian cancer, melanoma and mixed tumor types)

Drugs Pembrolizumab Durvalumab ± tremelimumab

ctDNA analysis Bespoke ctDNA (Signatera) 72-gene panel NGS (Guardant 360)

ctDNA kinetics metrics ctDNAC3: Relative change in ctDNA levels from 
baseline to C3

Delta VAF: Mean change in VAF

Molecular response: Ratio between on-treatment VAF and 
pretreatment VAF

Correlation with response

42% pts with negative ctDNAC3 achieved an objective 
response whereas 2% with positive ctDNAC3 had an 

objective response

Ratio-based molecular response has a strong association with 
RECIST response (AUC = 0.82; 95% CI, 0.71–0.93)

OR: 28.74 (95% CI, 3.51 to 253.04)
Molecular response (ratio < 50%) is associated with higher overall 

response rate in each studyctDNAC3 was also associated with higher clinical 
benefit rate (CR, PR, and SD ≥ 6 cycles)

Correlation with PFS

Favorable PFS (adjusted HR: 0.33; 95% CI, 0.19 to 0.58) 
for negative ctDNAC3

pts with delta-VAF > 0 had the worst PFS, those with decreased 
but not completely cleared ctDNA had intermediate PFS, and 

those without on-treatment ctDNA had the best PFS (P < 0.0001)

Consistent in all cohorts Molecular response (ratio < 50%) is associated with improved HR 
for OS in each study (HR: 0.28, 0.3, and 0.11, respectively)

Correlation with OS

Favorable OS (adjusted HR: 0.36; 95% CI 0.18 to 0.71) for 
negative ctDNAC3.

pts with delta-VAF > 0 had the worst OS, those with decreased 
but not completely cleared ctDNA had intermediate OS, and 

those without on-treatment ctDNA had the best OS (P < 0.0001)

Consistent in all cohorts. Molecular response (ratio < 50%) is associated with improved HR 
for OS in each study (HR: 0.29, 0.29, and 0.12, respectively)
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prior trials using other liquid biopsy approaches such as circulating 
tumor cells (CTCs) have not shown benefit. SWOG S0500 study 
evaluated 595 patients with metastatic breast cancer receiving sys-
temic therapy, using persistent high CTCs at 21 days to decide 
between treatment continuation or switch to a different systemic 
agent. Unfortunately, primary endpoint was not met, as OS was not 
improved for patients who changed therapy when no response in 
CTCs was seen. One criticism of this study was that treatment was 
switched to ineffective second line chemotherapy, which may ac-
count for the negative result. Moreover, CTCs may not be as sensi-
tive as ctDNA to reflect microscopic changes at an earlier time point 
of molecular progression. Since this study, novel treatment options 

and improvements in ctDNA analysis provide hope for successful 
implementation of adaptive treatment paradigms. Several adaptive 
trial designs are summarized in Fig. 2. Many ongoing trials provide 
examples of treatment escalation designs and are summarized in 
Table 3. The variety of ongoing trials is notable, involving the full 
range of available therapies in creative combinations to achieve ra-
tional escalation or de-escalation in response to ctDNA results.

Another relevant issue to be addressed in future studies is the 
threshold for ctDNA detection, as this may vary by both the method 
used and the time point. Therefore, defining ctDNA shifts or clearance 
across two or more consecutive time points may be more accurate 
than at a single time point. While most trials examine ctDNA at a 

Fig. 2. Adaptive clinical trials are a potential strategy for evaluating treatment optimizations guided by early ctDNA kinetics. In an escalation trial, patients with 
below threshold ctDNA levels (suggesting poor biochemical response) could be randomized to a predetermined treatment escalation with the goal of improved disease 
control over continuing standard management. Conversely, in a de-escalation trial, patients whose ctDNA levels exceed threshold (excellent biochemical response) could 
be randomized to a predetermined treatment de-escalation with hope of sparing toxicity while achieving a noninferior outcome.

Table 3. Examples of ongoing adaptive trials using ctDNA kinetics to modify treatment regimens.  

Trial Population Initial therapy Adaptation

NCT04093167 Metastatic NSCLC Immune checkpoint inhibitor 
(pembrolizumab)

ctDNA after 1 to 3 cycles determines 
whether patients continue or switch to 

next standard line of therapy

NCT04166487 Metastatic NSCLC Immune checkpoint inhibitor 
(pembrolizumab)

Cycle 2 ctDNA determines candidates for 
addition of chemotherapy

NCT04358562 EGFR mutant NSCLC Targeted therapy (gefitinib)
Lack of ctDNA clearance at 8 weeks 
prompts addition of second targeted 

agent (anlotinib)

NCT04680260 
(OPTIMISE) Oligometastatic CRC Radical-intent resection or ablative 

therapy

Randomization to standard of care or 
ctDNA-guided intensified adjuvant 

chemotherapy regimen

NCT04567420 (DARE) High-risk stage II-III estrogen 
receptor–positive breast cancer

Adjuvant hormone therapy (letrozole or 
tamoxifen)

Increase in ctDNA prompts switch to 
combination hormone therapy and 

targeted agent (fulvestrant and 
palbociclib)

NCT03808441 (CACTUS) BRAF mutant melanoma Targeted therapy (dabrafenib + 
trametinib)

ctDNA decrease prompts switch to 
immunotherapy (nivolumab + 

ipilimumab)
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single time point, in the future, more sophisticated models could 
stratify patients to one of several characteristic temporal profiles using 
multiple samples drawn at arbitrary time points. This approach has 
been demonstrated with EBV DNA (62), in which rich temporal 
profiles across definitive chemoradiation and consolidative chemo-
therapy were clustered into distinct patterns with diverging clinical 
outcomes. Previously described studies involving intensive sampling 
may help to establish such patterns, to which more sparse real-world 
clinical data could be fit against. These promising approaches will 
need to overcome a few practical challenges. First, it can be challenging 
to define clear endpoints in the context of varying time points. Second, 
while robust and repeatable, machine-fitted models often lack in-
tuitive interpretations, complicating clinical decision-making. Last, 
intensive sampling may hamper recruitment as many patients may 
not wish to be involved in trials that require frequent, possibly su-
perfluous, blood collections.

Apart from adaptive trials, ctDNA kinetics may have other 
applications in clinical research. In early phase clinical trials (when 
treatment effectiveness is not known), dynamic biomarkers can help 
to optimize the recommended phase 2 dose in combination with 
adverse events and pharmacokinetics. Moreover, we may be able to 
identify patients unlikely to respond based on early ctDNA assess-
ments, limiting exposure to potential drug toxicity. As detection 
sensitivity improves, we expect to see ctDNA analysis being used 
earlier after initial diagnosis. Window-of-opportunity trials would 
be an ideal environment to study rapid shifts in ctDNA during 
treatment with experimental therapies and will help to identify the 
treatments for which ctDNA kinetics are predictive. Last, ctDNA 
can be combined with other accessible biomarkers such as peripheral 
and tumor-infiltrating immune cell counts, PD-L1 immunohisto-
chemistry, and tumor mutation burden, which have been shown to 
have orthogonal and complementary predictive effects for immune 
checkpoint inhibition (62).

Third, an improvement in the sensitivity of current methods as 
well as a consensus on definitions for ctDNA clearance are needed 
to implement ctDNA kinetics in clinical practice. These definitions 
will necessary vary depending on the clinical context, type of cancer 
being treated, and sensitivity of the method under use. Ultimately, 
such definitions will require evidence from clinical trials to define 
practical treatment goals with measurable impact on prognosis and 
will evolve with improving methodology. Most ctDNA approaches 
described above only detect mutations (and copy number alterations 
and structural variants in CAPP-seq assays) that can be quantified 
and monitored in plasma. However, a proliferation of resistant clones 
may go undetected by many ctDNA panels. Genome analysis methods 
with broader coverage such as genome-wide cfDNA analysis (121) 
and methylation DNA analysis (67) could enable quantification of 
ctDNA levels beyond mutant allele fraction levels in plasma and 
help to advance discovery of previously unknown biology and 
clinically relevant biomarkers. The analysis of orthogonal cancer-
associated molecular alterations such as epigenetics could improve 
ctDNA sensitivity and even identify tissue-specific molecular signa-
tures associated with treatment response or resistance.

The promise of ctDNA analysis is to make cancer biomolecular 
testing noninvasive. Treatment monitoring is one of the most excit-
ing potential clinical applications of this advancing technology. The 
totality of evidence from published and ongoing studies shows a steady 
progression in the ability to glean early indicators of treatment 
effectiveness from ctDNA. This field has been long dominated by 

small studies with heterogeneous technologies, time points, and treat-
ment metrics. However, the advent of novel therapies coupled with 
increasing accessibility of cancer genome sequencing has given rise 
to an array of innovative trial designs well suited to assessing the 
clinical utility of ctDNA kinetics. The use of ctDNA kinetics as a 
predictive biomarker may enable rapid adjustment early in cancer 
treatment, with the promise of improved outcomes while patients 
are still well enough to alter therapy. To realize this promise, we urge 
clinical trials in oncology to capture ctDNA-based metrics at early 
treatment time points. This should be paired with the development 
of computational analysis models and machine learning algorithms 
to maximize the utility of this powerful tool. Collectively, these efforts 
will establish an evidence base of standards and best practices for 
clinical monitoring and early treatment optimization using ctDNA 
analysis.
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