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abstract

PURPOSE The response to cancer therapies is typically assessed with radiologic imaging 6-10 weeks after
treatment initiation. Circulating tumor DNA (ctDNA), however, has a short half-life, and dynamic changes in
ctDNA quantity may allow for earlier assessment of the therapeutic response.

METHODS Patients with advanced solid tumors referred to the Department of Investigational Cancer Thera-
peutics at The University of Texas MD Anderson Cancer Center were invited to participate in a liquid biopsy
protocol for which serial blood samples were collected before, during, and after systemic therapy. We isolated
ctDNA from serially collected plasma samples at baseline, mid-treatment, and first restaging. Genomically
informed droplet digital polymerase chain reaction (ddPCR) was performed, and ctDNA quantities were reported
as aggregate variant allele frequencies for all detected molecular aberrations.

RESULTS We included 204 patients receiving 260 systemic therapies. The ctDNA detection rate was higher in
progressors (patients with progressive disease) compared with nonprogressors (patients with stable disease,
partial responses, or complete responses) at all time points (P , .009). Moreover, ctDNA detection was as-
sociated with a shorter median time-to-treatment failure (P ≤ .001). Positive delta and slope values for changes
in ctDNA quantity were more frequent in progressors (P ≤ .03 and P, .001, respectively) and were associated
with a shorter median time-to-treatment failure (P≤ .014 and P, .001, respectively). Increasing ctDNA quantity
was predictive of clinical and/or radiologic progressive disease in 73% of patients (median lead time, 23 days).

CONCLUSION Detection of ctDNA and early dynamic changes in its quantity can predict the clinical outcomes of
systemic therapies in patients with advanced solid tumors.

JCO Precis Oncol 6:e2100512. © 2022 by American Society of Clinical Oncology

INTRODUCTION

Molecular profiling of tumor tissue has led to sub-
stantial advances in personalized cancer therapy.1

However, tumor tissue is not always available, and
repeated biopsies can increase treatment costs and
the risk of complications.2 Therefore, interest in al-
ternative sources of tumor DNA, such as cell-free DNA
(cfDNA)—released into circulation from necrotic and
apoptotic cells—has increased.3 The tumor fraction of
cfDNA–circulating tumor DNA (ctDNA)–originates
from primary and/or metastatic cancer lesions and
can be used for molecular testing in lieu of cancer
tissue. Different technologies, including polymerase
chain reaction (PCR)–based and sequencing-based
methods, can be used for molecular testing of ctDNA.4

PCR is sensitive and relatively straightforward, but it
lacks the capacity for testing of multiple mutations.
Sequencing can test for multiple alterations but at the
price of increased cost and complexity.4 Advances in
these technologies have considerably improved
ctDNA detection rates and enabled the incorporation

of ctDNA analysis workflows into different clinical
settings, particularly those involving patients with
advanced disease.5,6 For instance, US Food and Drug
Administration approved the first PCR-based EGFR
mutation ctDNA test for advanced/metastatic lung
cancer in 2016 and targeted next-generation se-
quencing test for solid tumors in 2020.7-9

Unlike tumor biopsies, blood sample collections for
ctDNA isolation are minimally invasive, can be repeated
multiple times during therapy, and therefore can be used
to study clonal evolution and adaptive resistance
mechanisms.10 In addition, ctDNA has a relatively short
half-life of 8-147 minutes.11 Consequently, dynamic
changes in ctDNA quantity can be very early surrogate
markers of therapeutic response.12-15 In clinical practice,
therapy response is typically assessed with imaging
performed at baseline and then every 6-10 weeks for the
duration of therapy and with prespecified criteria (eg,
RECIST version 1.1).16 Accordingly, many patients un-
likely to benefit from cancer therapy are exposed to weeks
of costly but futile and potentially toxic treatment.17 We
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hypothesized that, in patients with advanced solid tumors,
dynamic changes in ctDNA quantity during the first few weeks
of systemic cancer therapy can predict clinical outcomes.

METHODS

Patients

Patients with advanced solid tumors who were referred to
the Department of Investigational Cancer Therapeutics at
The University of Texas MD Anderson Cancer Center
were invited to participate in an institutional review
board–approved liquid biopsy protocol (LAB10-0334)
allowing for serial blood sample collection before, during,
and after therapy. Eligible patients had at least one known
mutation detected in the tumor tissue with standard-of-care
molecular testing. Informed consent was obtained from all
participants before any study-related procedure.

All patients underwent imaging at baseline and at their first
restaging, which was done between weeks 6 and 10 of
therapy. Therapy response was assessed using RECIST
1.1.16 Patients were classified as responders (patients with
a complete response [CR] or partial response [PR]) or
nonresponders (patients with stable disease [SD] or pro-
gressive disease [PD]) and as progressors (patients with
PD) or nonprogressors (patients with CR, PR, or SD).

ctDNA Assessment

Serial peripheral blood samples were collected into EDTA
tubes at baseline (cycle 1, day −21 to day 8), mid-treatment
(cycle 1, day 216 2 weeks), first restaging (cycle 1, day of
first restaging 6 2 weeks), and whenever possible
throughout therapy. Plasma samples were obtained by two-
step centrifugation, as previously described,18 and was
stored at −80°C until processing. We extracted cfDNA from
an average of 4 mL plasma using QIAamp Circulating
Nucleic Acid Kit (QIAGEN, Germantown, MD) according to
the manufacturer’s protocol. Extracted cfDNA was stored
at −20°C until further testing. DNA was quantified using a
Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher,

Waltham, MA) on a SpectraMax M2 Microplate Reader
(Molecular Devices, San Jose, CA). Serial dilutions were
used to prepare reference standard curves for accurate
cfDNA quantification (Data Supplement).

Using the known molecular profile of tumor tissue, we
performed digital droplet PCR (ddPCR) ctDNA molecular
testing with a Qx200 Droplet Digital PCR System (Bio-Rad,
Hercules, CA) for plasma samples at all available time
points, regardless of the baseline samples’ ctDNA analysis
results. Dual-labeled (HEX or FAM) fluorescent probes for
wild-type loci and clinically relevant molecular alterations in
PIK3CA, TP53, ESR1, NF1, KRAS, BRAF, KIT, NRAS,
NOTCH1, AKT1, IDH1, and IDH2 were used. PCRmixtures
were prepared using ddPCR Supermix for Probes (No
dUTP; Bio-Rad) and added to 96-well plates according to
the ddPCR protocol. Data were analyzed using QuantaSoft
1.7.4 (Bio-Rad), and ctDNA aggregate variant allele fre-
quency (VAF) was quantified for all detected molecular
alterations.

Because tumors can shed different amounts of ctDNA, we
classified tumors as high shedders (cancer types with ≥
75% of patients with detected ctDNA) or low shedders
(cancer types with, 75% of patients with detected ctDNA)
on the basis of their estimated ctDNA-shedding potential
using a previously published stratification approach.19

Delta values (defined as the difference in VAF between two
time points) and slope values (calculated using the formula

b � Σ(x−x̄)(y−ȳ)
Σ(x−x̄)2

, where x and y are the sample means) were

calculated at mid-treatment and first restaging and tested
for associations with clinical outcomes. Delta and slope
value positivity was defined as any value above 0 and was
used to determine the possibility of using longitudinal
ctDNA monitoring to predict treatment outcomes.

We defined ctDNA progression as the first occurrence of a
high ctDNA level after the ctDNA nadir. The date of ctDNA
progression was recorded, and continuation of treatment
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beyond ctDNA progression was claimed when the differ-
ence between the timing of the ctDNA progression and
treatment completionwasmore than 2weeks. The time after
progression was defined as the duration between the date of
treatment completion and that of ctDNA progression.

Statistical Analysis

Statistical analysis was performed using IBM SPSS Sta-
tistics for Windows, version 26.0. In patients who received
multiple lines of therapy, each therapy was analyzed
separately. Descriptive data consisted of frequencies and
percentages for categorical variables and means, medians,
standard deviations, ranges, and interquartile ranges for
continuous variables. Chi-square, Fisher exact, and Mann-
Whitney tests were used to assess statistical inference, as
appropriate. The Kaplan-Meier method was used to analyze
the time to treatment failure (TTF), defined as the time from
the date of treatment initiation to that of treatment com-
pletion. Log-rank test was used to assess differences be-
tween subgroups. Whenever applicable, all tests were two-
sided. P values less than .05 were considered significant.

RESULTS

Patient Characteristics

This study included 260 treatment courses administered to
204 patients between January 2012 and December 2019.
Patients’ median age at treatment initiation was 58 years.
Detailed patient characteristics are provided in Table 1.

ctDNA Detection and Response to Therapy

We detected ctDNA in 149 patients (67.4%) at baseline
(approximately day 1 of cycle 1), in 114 (66.3%) at mid-
treatment (approximately day 21 of cycle 1), and in 93
(60.4%) at first restaging (after approximately 6-9 weeks of
therapy). Progressors (patients with PD at first restaging) had
a higher ctDNA detection rate than nonprogressors (patients
with SD, PR, or CR at first restaging) at baseline (72/93
[77.4%] v 77/128 [60.2%]; P = .007), mid-treatment (55/71
[77.5%] v 59/101 [58.4%]; P = .009), and first restaging (49/
62 [79%] v 44/92 [47.8%]; P , .001). Furthermore, non-
responders (patients with PD or SD at first restaging) had a
higher ctDNA detection rate than responders (patients with
PR or CR at first restaging) at mid-treatment (107/148
[70.9%] v 7/21 [33.3%]; P = .001) and first restaging (91/137
[66.4%] v 2/17 [11.8%]; P, .001) but not baseline (133/194
[68.6%] v. 16/27 [59.3%]; P = .334; Table 2). Quantitatively,
the median aggregate VAF, which represented the sum of the
VAFs for all detected somatic alterations, was higher in
progressors than in nonprogressors at baseline (2.1% v 0.3%;
P = .001), mid-treatment (3.9% v 3.5%; P, .001), and first
restaging (5.8% v 0%; P , .001). Moreover, the median
aggregate VAF was significantly higher in nonresponders than
in responders at mid-treatment (1.2% v 0%; P , .001) and
first restaging (1.8% v 0%;P, .001) but not baseline (0.9% v
0.2%; P = .105; Data Supplement).

Subgroup analyses showed no significant differences in the
response outcomes in patients with tumors of high versus
low ctDNA shedding potential or among different treatment
types. Details are shown in the Data Supplement.

ctDNA Detection and TTF

The presence of detectable ctDNA was associated with a
shorter median TTF than the absence of detectable ctDNA
at baseline (11 weeks; 95% CI, 9.1 to 12.9 v 16 weeks;
95% CI, 12.3 to 19.7; P = .001), mid-treatment (10 weeks;
95% CI, 7.9 to 12.1 v 18 weeks; 95% CI, 10.5 to 25.5; P,

.001), and first restaging (10 weeks; 95% CI, 8.5 to 11.5 v
24 weeks; 95% CI, 17.3 to 30.7; P, .001; Table 2, Fig 1).

TABLE 1. Characteristics of 204 Patients Who Received 260
Treatments
Characteristic Value

Age, years, median (range) 58 (26-84)

Sex, No. (%)

Male 119 (45.8)

Female 141 (54.2)

Diagnosis, No. (%)

GI tract tumors 121 (46.5)

Melanoma 38 (14.6)

Breast cancer 31 (11.9)

Gynecologic cancers 21 (8.1)

Lung cancer 12 (4.6)

Head and neck cancers 9 (3.5)

Gliomas 5 (1.9)

Others 23 (8.8)

ctDNA shedding potential, No. (%)

High shedders 141 (54.2)

Low shedders or nonshedders 119 (45.8)

Treatment type, No. (%)

Targeted therapy 199 (76.5)

Immunotherapy 34 (13.1)

Chemotherapy 27 (10.4)

RECIST response at first restaging, No. (%)

PR 30 (11.5)

SD 121 (46.5)

PD 109 (41.9)

Progression category, No. (%)

Progressors (PD) 109 (41.9)

Nonprogressors (CR/PR/SD) 151 (58.1)

Response category, No. (%)

Responders (CR/PR) 30 (11.5)

Nonresponders (SD/PD) 230 (88.5)

Abbreviations: CR, complete response; ctDNA, circulating tumor
DNA; PD, progressive disease; PR, partial response; SD, stable
disease.

JCO Precision Oncology 3

Monitoring of Circulating Tumor DNA and Treatment Outcomes



TABLE 2. Detection of Circulating Tumor DNA and ctDNA Dynamics at Baseline, Mid-treatment, and First Restaging in the Overall Population
Response Category Progression Category TTF

Responder, No. (%) Nonresponder, No. (%) P Progressor, No. (%) Nonprogressor, No. (%) P Median, Weeks P

Baseline ctDNA detection

Yes 16 (59.3) 133 (68.6) .334 72 (77.4) 77 (60.2) .007 11 .001

No 11 (40.7) 61 (31.4) 21 (22.6) 51 (39.8) 16

Mid-treatment ctDNA detection

Yes 7 (33.3) 107 (70.9) .001 55 (77.5) 59 (58.4) .009 10 , .001

No 14 (66.7) 44 (29.1) 16 (22.5) 42 (41.6) 18

First restaging ctDNA detection

Yes 2 (11.8) 91 (66.4) , .001 49 (79) 44 (47.8) , .001 10 , .001

No 15 (88.2) 46 (33.6) 13 (21) 48 (52.2) 24

Positive mid-treatment delta

Yes 2 (11.1) 38 (40.9) .009 20 (46.5) 20 (29.4) .033 9 .014

No 16 (88.9) 55 (59.1) 23 (53.5) 48 (70.6) 15

Positive first restaging delta

Yes 0 (0) 37 (47.4) .001 21 (61.8) 16 (27.1) .001 9 .002

No 15 (100) 41 (52.6) 13 (38.2) 43 (72.9) 15

Positive mid-treatment slope

Yes 4 (25) 38 (40) .208 23 (51.1) 19 (28.8) .002 10 .061

No 12 (75) 57 (60) 22 (48.9) 47 (71.2) 15

Positive first restaging slope

Yes 1 (5.3) 51 (47.7) , .001 30 (61.2) 22 (28.6) , .001 8 , .001

No 18 (94.7) 56 (52.3) 19 (38.8) 55 (71.4) 16

Abbreviations: ctDNA, circulating tumor DNA; TTF, time-to-treatment failure.
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Next, we tested whether the ctDNA quantity was associated
with TTF by using different cutoffs to separate two groups
(ie, median, 5% trimmed mean), which eliminated extreme
high and low values. These analyses showed that patients
with ctDNA quantities above the median or 5% trimmed
mean had shorter TTF. Details are presented in the Data
Supplement.

Dynamic Changes in ctDNA and Clinical Outcomes

Positive delta values for changes in ctDNA quantity from
baseline to mid-treatment and first restaging (Fig 2) were
more frequently observed in progressors (29/55, 52.7% v
32/92, 34.8%; P = .033) than in nonprogressors (30/50,
60% v 23/79, 29.1%; P = .001) and in nonresponders (17/
92, 18.5% v 2/55, 3.6%; P = .009) than in responders (16/
79, 20.3% v 0/50, 0%; P = .001; Table 2). Moreover,

patients with positive delta values at mid-treatment and first
restaging had a shorter median TTF than patients with
nonpositive delta values (9 weeks, 95% CI, 7.4 to 10.6 v
15 weeks, 95% CI, 12.4 to 17.6; P = .014; Fig 3A; and
9 weeks, 95% CI, 7.1 to 10.9 v 15 weeks, 95% CI, 12.4 to
17.6, P = .002; Fig 3B). Subgroup analyses according to
high versus low shedding potential demonstrated similar
trends in the overall population. Details are presented in the
Data Supplement.

To eliminate the impact of fluctuating ctDNA levels and ad-
dress the overall trend of ctDNA dynamic changes, we cal-
culated slope values and reanalyzed the data using slope
positivity/negativity as a reflection of trends (Fig 2). Similar to
the results of the delta value analysis, the results of this
analysis showed that patients with positive slope values were
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FIG 1. Kaplan-Meier curves for the differences in median TTF between patients with detectable and undetectable ctDNA at (A) baseline, (B) mid-
treatment, and (C) first restaging. Detectable ctDNA was associated with a shorter median TTF than undetectable ctDNA at baseline (11 weeks; 95%
CI, 9.1 to 12.9 v 16 weeks; 95% CI, 12.3 to 19.7, respectively; P = .001), mid-treatment (10 weeks; 95% CI, 7.9 to 12.1 v 18 weeks; 95% CI, 10.5 to
25.5, respectively; P , .001), and first restaging (10 weeks; 95% CI, 8.5 to 11.5 v 24 weeks; 95% CI, 17.3 to 30.7, respectively; P , .001). ctDNA,
circulating tumor DNA; TTF, time-to-treatment failure.
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more frequently progressors than nonprogressors (43/73,
58.9% v 30/101, 29.7%; P , .001) and more frequently
nonresponders than responders (19/101, 18.8% v 1/73,
1.4%; P , .001). A positive slope value was also associated
with a shorter median TTF than was a nonpositive slope value
(8 weeks, 95% CI, 6.4 to 9.6 v 16 weeks, 95% CI, 13.2 to
18.8; P , .001; Table 2).

Next, we analyzed the relationship between the timing of
ctDNA progression and clinical or radiologic progression. Of
the 91 patients (35% of the overall population) in whom
ctDNA levels were monitored throughout the course of
treatment until the end of therapy (6 2 weeks), ctDNA
progression preceded or occurred with PD in 66 (72.5%)
with a median lead time of 23 days (range, 0-406 days;
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VAF over different
time points
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FIG 2. Studied variables and treatment response as assessed with the RECIST, version 1.1. Positive delta and slope values are highlighted in blue.
Color gradients in the middle of the figure show the VAF changes at different time points. BL, baseline; FR, first restaging; MT, mid-treatment; PD,
progressive disease; PR, partial response; SD, stable disease; VAF, variant allele frequency.
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FIG 3. Kaplan-Meier curves demonstrate the differences in TTF between patients with positive and nonpositive delta values at (A) MT and (B) FR
and the differences in TTF between patients with positive and nonpositive slope values at (C) MT and (D) FR. FR, first restaging; MT, mid-
treatment; TTF, time-to-treatment failure.
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Data Supplement). Patients who continued treatment be-
yond ctDNA progression had clinical or radiologic pro-
gression within a median time of 5 weeks.

ctDNA Response Criteria

We propose ctDNA response criteria potentially appli-
cable to clinical practice by separating patients into
distinctive qualitative and quantitative groups that dif-
fered by their median TTFs. To evaluate the qualitative
response criteria, patients were divided into four groups:
G1 (patients with detectable ctDNA remaining detectable
during therapy), G2 (those with detectable ctDNA be-
coming undetectable during therapy), G3 (those with
undetectable ctDNA becoming detectable on therapy),
and G4 (those with undetectable ctDNA remaining un-
detectable on therapy). The quantitative response criteria
depended on the percent change of aggregate VAF and
included five patient groups: ctDNA CR (ctDNA clearance
after initial detectability), ctDNA PR (decrease of more
than 10% in VAF), ctDNA PD (increase of more than 10%
in VAF or de novo ctDNA detection), ctDNA SD (no in-
crease or , 10% increase or decrease in VAF), and
ctDNA nonmeasurable disease (undetectable ctDNA
before and after treatment). Using the qualitative re-
sponse criteria, we found that the patients in the G2 group
had the longest TTF among all of the four qualitative
groups we identified. Those who had detectable baseline
ctDNA that remained detectable at mid-treatment and
first restaging had the worst outcomes. Using the
quantitative response criteria, we determined that pa-
tients with ctDNA CRs at mid-treatment or first restaging
had longer TTFs (P = .006 and, .001, respectively) than
patients with ctDNA PRs or, progressive, stable, and
nonmeasurable disease (Table 3).

DISCUSSION

In our study, we systematically investigated ctDNA de-
tection and dynamic changes in ctDNA quantity as po-
tential surrogate markers for clinical outcomes in 204
patients with advanced cancers who were treated with 260
systemic therapies. The detection and high quantity of
ctDNA at any prespecified time point (baseline, mid-
treatment, and first restaging) were associated with a
lack of both treatment response and disease control.

Multiple studies have reported that ctDNA detection in
patients with advanced cancers may be associated with
shorter progression-free survival (PFS) and overall survival
(OS) durations.20-24 However, there is much less evidence
supporting an association between ctDNA detection and
response to therapy. A study involving the detection of
circulating exosomal nucleic acids and ctDNA before
therapy demonstrated an association between increased
quantities of mutant exosomal content and lack of response
or durable disease control per RECIST.18 Another study that
used targeted methylation sequencing to detect ctDNA
demonstrated a correlation between the magnitude of
treatment response per RECIST and baseline ctDNA
quantity as measured by methylation score (r = 0.32, P =
.03).25 Our study also demonstrated that ctDNA quantity
during treatment provided valuable insight into the treat-
ment response at first restaging.

We also determined that patients with presence and/or high
quantity of ctDNA collected at prespecified time points
(baseline, mid-treatment, and first restaging) demonstrated
shorter median TTFs than patients without or with a low
quantity of ctDNA. For samples collected at baseline, this
was not unexpected. For instance, Santiago-Walker et al,22

in a study of patients with BRAF V600–positive melanoma
treated with dabrafenib or trametinib, found that baseline
detection ofBRAFmutations in ctDNA was an independent
prognostic factor for PFS and that patients with BRAF-
negative ctDNA had longer PFS and OS. Another study
exploring the potential of testing baseline ctDNA for BRAF
mutations to predict treatment outcomes in patients with
advanced cancers suggested that higher BRAF V600E
VAFs were associated with shorter OS.21 In patients with
BRAF V600 mutations in tissue, the presence of BRAF
V600 mutant ctDNA was also associated with a shorter
median TTF.21 Another study by Zhang et al26 investigated
the prognostic and predictive ability of ctDNA in advanced
cancers treated with immune checkpoint inhibitors and
found that a higher pretreatment VAF was associated with
poorer OS. Whereas all these studies explored the potential
to predict outcomes using ctDNA collected before therapy,
our study demonstrated that detectable ctDNA at mid-
treatment and first restaging was also associated with
worse clinical outcomes. These data suggest that ctDNA
detection can be used to supplement conventional imaging
as a means of assessing treatment responses, especially if
imaging response assessments are inconclusive.

TABLE 3. Quantitative and Qualitative Response Criteria for ctDNA

Criteria Group

MT FR

Median TTF,
Weeks P

Median TTF,
Weeks P

Qualitative
response
criteria

G1 (D-D) 10 .001 9 , .001

G2 (D-U) 23 26

G3 (U-D) 12 15

G4 (U-U) 16 19

Quantitative
response
criteria

CCR 23 .006 26 , .001

CPR 12 10

CSD 8 10

CPD 10 9

CND 16 13

Abbreviations: CCR, ctDNA complete response; CND, ctDNA nonmeasurable
disease; CPD, ctDNA progressive disease; CPR, ctDNA partial response; CSD,
ctDNA stable disease; ctDNA, circulating tumor DNA; D, detectable; FR, first
restaging; MT, mid-treatment; TTF, time-to-treatment failure; U, undetectable.
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Because ctDNA has a short half-life,11 dynamic changes in
ctDNA quantity can be used as an early indicator of clinical
outcomes. We demonstrated that dynamic changes mea-
sured by delta or slope values were associated with
treatment responses and TTF. For instance, compared with
nonpositive delta and slope values, positive delta and slope
values were associated with a higher frequency of disease
progression (defined by the number of progressors) and a
shorter TTF. Therefore, our findings suggest that ctDNA
changes can indicate treatment efficacy even at the mid-
treatment time point. Furthermore, we noticed that ctDNA
could be used to detect disease progression before or at the
time of imaging in 72.5% of patients (median lead time, 23
days). It is not immediately clear whether this lead time was
related to the underlying biology of ctDNA or whether it was
affected by uncertainties in the protocols and the timing of
sample collection. Our results, however, are consistent with
data available from prior studies that suggested that ctDNA
is a promising predictive biomarker in patients with ad-
vanced solid tumors.14,15 For example, Zhang and
colleagues26 suggested that ctDNA dynamics during
treatment are predictive of immunotherapy outcomes.
Specifically, early ctDNA reduction correlated with im-
proved PFS, OS, and responses to therapy. In alignment
with our subgroup analysis of immunotherapy-treated co-
hort, other studies have also shown ctDNA’s potential in
discriminating between true and pseudoprogression. In
addition, ctDNA clearance has been proposed as a po-
tential tool for selecting patients for elective immunotherapy
discontinuation.27-29 Studies in patients treated with other
modalities also have been consistent regarding the value of
detecting ctDNA changes. For example, two studies sug-
gested that early ctDNA changes can be used as surrogates
for clinical outcomes in patients with metastatic colorectal
cancer and in patients with advanced breast cancer.12,30

We were encouraged to find that ctDNA dynamic changes
at mid-treatment and at first restaging were associated with
qualitative and quantitative clinical outcomes, which sug-
gests that ctDNA analysis can be used in lieu of radiologic
imaging to evaluate treatment outcomes. Similar to our
results, a study by Thompson et al31 showed that molecular
responders (. 50% decrease in VAF) had significantly
longer PFS and OS compared with molecular nonre-
sponders. Moreover, Zhang et al26 proposed that the ctDNA
molecular response can predict long-term survival.
Therefore, we proposed quantitative and qualitative ctDNA
response criteria that can be used to separate patients into
distinctive groups that differ by a median TTF. These cri-
teria, if validated, may be used as an alternative to imaging
and would be of substantial clinical usefulness, especially
in scenarios in which disease is hard to measure or
evaluate.

Our study had several limitations. First, it was retrospective,
and the time points for blood sample collection varied.
Additionally, we enrolled patients with diverse cancer types
treated with various therapies, which added to the study
heterogeneity. Shedding of ctDNA can differ among dif-
ferent cancer types, which could have affected our results
although we performed separate subanalyses for tumors
with high and low ctDNA shedding potential and obtained
consistent results. Finally, we used unamplified ddPCR and
the tumor-informed approach for ctDNA detection. More
comprehensive approaches, such as targeted next-
generation sequencing, which can test dozens or hun-
dreds of genes, can better reflect clonal evolution and result
in different reported quantities of ctDNA.5,32 Nevertheless,
our results offer a proof of concept for the development of
ctDNA-based approaches for predicting cancer therapy
outcomes. Our results should be validated in future pro-
spective studies.
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