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Abstract

Background: Predicting early treatment response in advanced non-small cell lung cancer (NSCLC) is challenging. Longitudinal monitoring of
circulating tumor DNA (ctDNA) can track tumor response to treatments like immune checkpoint blockade (ICB) and correlate with outcomes.
This meta-analysis evaluated whether ctDNA clearance or decrease is associated with improved survival across various settings in NSCLC.

Methods: A systematic review of MEDLINE, EMBASE, and Cochrane databases (up to April 2024) identified studies evaluating the impact of
ctDNA kinetics on survival outcomes in non-curative NSCLC settings. Pooled hazard ratios (HR) for progression-free survival (PFS) and overall
survival (OS) were calculated using a random effects model.

Results: We included 32 studies with 3047 NSCLC patients receiving systemic therapies such as targeted therapy (TT), ICB, and chemotherapy.
Meta-analysis of 31 studies showed that ctDNA decrease/clearance was linked to improved PFS (HR: 0.32 [0.26, 0.40], 2 = 63%, P < .01). Subgroup
analysis indicated strong PFS benefits from ctDNA clearance (HR: 0.27 [0.20, 0.36]). Similar improvements were seen across patients undergoing
targeted therapy (HR: 0.34) and ICB (HR: 0.33). Analysis of 25 studies revealed a significant association between ctDNA reduction and better OS
(HR: 0.31[0.23, 0.42], 2 =47%, P < .01). Subgroup findings were consistent for both TT (HR: 0.41) and ICB (HR: 0.32). Sensitivity analysis demon-
strated that ctDNA clearance/decrease was consistently associated with improved PFS across study designs and ctDNA analysis methods. There
was no significant variation in hazard ratios for PFS based on NSCLC subtypes, smoking status, or sex.

Conclusion: Plasma ctDNA kinetics was associated with improved survival outcomes in patients diagnosed with advanced NSCLC undergoing
treatment with TT and ICB.
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Implications for clinical practice

The results of this meta-analysis underscore the clinical relevance of longitudinal plasma ctDNA assessment in predicting survival for
patients with advanced NSCLC. Integrating ctDNA kinetics analysis into routine clinical practice is a promising non-invasive biomarker that
can aid clinicians in timely therapeutic decisions for patients with advanced NSCLC.

Introduction such as newer generations of tyrosine kinase inhibitors (TKIs)
and antibody-drug conjugates (ADC), leading to higher sur-
vival rates and a shift toward personalization of treatment.>*
Hence, a fast-evolving treatment armamentarium is available
for patients with NSCLC in the earlier and advanced setting.**

Significant strides achieved in the personalized management
of advanced NSCLC patients underscore the need for novel
biomarkers to be developed and implemented for this patient

Non-small cell lung cancer (NSCLC) is the leading cause of
cancer-related morbidity and mortality worldwide."* Over
the past decade, the treatment landscape of NSCLC has mark-
edly changed due to a better understanding of the molecular
features and the incorporation of targeted therapies (TT),
immune checkpoint blockade (ICB), and novel therapeutics
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population.” Nonetheless, despite some patients presenting
durable responses to therapy, most patients with metastatic
NSCLC will not respond or experience short-lived responses
due to treatment resistance.® Hence, identifying patients who
would benefit from treatment is critical. To this end, recent
evidence supports liquid biopsy evaluation of circulating cell-
free tumor DNA (ctDNA) as a promising biomarker that can
track early tumor response to treatment.”'’

Plasma detection of ctDNA enables a less invasive blood-
based approach, allowing for the detection of somatic
alterations and a feasible method for serial measurements
that can capture tumor evolution and complement tissue
sampling.!'S In NSCLC, highly sensitive ctDNA assays
have been widely adopted in the routine clinical setting for
cancer genotyping and identifying treatment resistance to
targeted agents.'®!$ Likewise, in the metastatic setting, evi-
dence has shown that longitudinal ctDNA evaluation can
track tumor burden dynamics and capture early-on-therapy
responses.'” For instance, metastatic NSCLC patients
treated with ICB presenting a reduction in the ctDNA levels
demonstrated significantly longer survival outcomes com-
pared to patients with no evidence of molecular response.?
A similar association was shown for patients treated with
other therapeutic agents.?!?* Collectively, recent data sug-
gests that ctDNA may be leveraged as a biomarker to pre-
dict therapeutic response and inform treatment decisions.**

We conducted a systematic review and meta-analysis to
evaluate the role of plasma ctDNA kinetics in therapeu-
tic response prediction for patients with advanced NSCLC
undergoing systemic treatment.

Material and methods

This systematic review was conducted following PRISMA
guidelines® and has been registered in PROSPERO
(International Prospective Register of Systematic Reviews,
CRD42024534489). Studies were analyzed to assess
the impact of plasma ctDNA kinetics, including ctDNA
clearance, decrease, or molecular response on survival
endpoints.

Search strategy and selection criteria

A comprehensive digital search was conducted from database
inception to March 2024 across Embase, MEDLINE with the
PubMed interface, and the Cochrane Central Register. The
search strategy included the following terms: “Non-Small
Cell Lung Cancer,” “NSCLC,” “Circulating Tumor DNA,”
“ctDNA,” “liquid biopsy,” “ctDNA clearance,” “longitudinal
ctDNA,” “Survival,” “overall survival,” “OS,” “progression-
free survival,” “PFS,” and “progression-free survival.” We
also screened previous meta-analyses on the topic to identify
additional studies, and the references of eligible studies were
evaluated during the screening process. Two investigators
(L.E, J.M.) independently screened titles, abstracts, full texts,
Supplementary Materials, online appendices, and reference
lists for eligibility.

Inclusion criteria were restricted to studies involving: (1)
patients with a confirmed diagnosis of NSCLC; (2) under-
going systemic therapy; (3) with longitudinal assessment of
plasma ctDNA; (4) observational studies and clinical trials.
Exclusion criteria excluded: (1) NSCLC patients in a curative
treatment setting; (2) studies that did not correlate ctDNA
changes with survival outcomes; (3) conference abstracts,
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case reports, letters, and reviews. There were no language
restrictions for publication.

Endpoints and subanalyses

The endpoints of this meta-analysis were overall survival (OS),
defined as the duration from treatment initiation or diagnosis
to death from any cause, and progression-free survival (PFS),
defined as the duration from treatment initiation until disease
progression or death from any cause. Prespecified subanaly-
ses were conducted to investigate specific factors impacting
overall estimates, including the type of therapy administered
(chemotherapy, immunotherapy, targeted therapy, or combi-
nations), timing of ctDNA evaluation relative to treatment
initiation, and the method of liquid biopsy evaluation (tumor
informed or tumor agnostic assays).

Data extraction and quality assessment

Two authors performed data extraction using a predefined
spreadsheet encompassing information regarding study
design, patient characteristics, publication year, ctDNA
analysis method (next-generation sequencing or polymerase
chain reaction), clearance definition, ctDNA extraction time-
points, survival outcome definitions, and other characteris-
tics. Tumor-informed assays, which are tailored to a patient’s
specific tumor mutations and require available tissue sam-
ples, generally offer higher sensitivity compared to tumor-
agnostic assays, which use broad mutation panels and are a
“plasma-only” method, as a tissue sample is not necessary.
NGS-based methods allow for broader mutation detection
with higher sensitivity, while PCR-based methods provide
higher specificity but are limited to detecting predefined
mutations. These variations in detection methods and assay
types could influence the sensitivity and outcomes reported
in the studies. Subgroup analyses were performed to assess
the impact of these detection methods on survival estimates.
Disagreements were resolved through consensus and, if
unresolved, discussed with the senior author. The Quality in
Prognostic Studies (QUIPS) tool?*¢ recommended by Cochrane
was implemented to evaluate the risk of bias. Using this tool,
2 investigators (J.S., L.H.) examined 5 different domains: (i)
study participation, (ii) attrition, (iii) prognostic factor mea-
surement, (iv) confounding factors, and (v) statistical analysis.

Statistical analysis

The hazard ratio (HR) for OS and PFS, accompanied by
95% CI, was pooled using inverse-variance methods. To
account for heterogeneity among studies, we also applied the
DerSimonian and Laird random-effects model to estimate.?”
Statistical heterogeneity was assessed using the Cochran Q
test, quantified by the I* statistic and Tau-square using the
restricted maximum-likelihood estimator. Inter-study vari-
ability was assessed through the I> metric and Cochran’s O
test, classifying values below 25% as low, between 25% and
50% as moderate, and above 50% as high heterogeneity.?®
Sensitivity analyses were conducted to scrutinize poten-
tial sources of heterogeneity and ascertain the robustness
of the primary findings. A separate pooling of clinical trials
and observational studies was performed to investigate the
potential impact of study design on overall hazard ratios.
Different ctDNA assessment timepoints and assays were ana-
lyzed to further explore the heterogeneity of studies. Meta-
regressions were employed to explore the impact of patient
baseline characteristics on pooled estimates. Publication bias
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was evaluated through a contour-enhanced funnel plot* to
assess similar distributions of studies with similar weights and
quantified with the Egger test.*

Results

Study selection and characteristics

As detailed in Figure 1, the initial search yielded 3076
results. After the removal of duplicate records and ineligi-
ble studies, 110 remained and were fully reviewed based
on inclusion criteria. Of these, a total of 32 studies were
included, comprising 3047 patients with NSCLC with
longitudinal ¢tDNA assessment from 14 clinical trials, 12
non-randomized prospective cohorts, and 6 retrospective
studies (ie, the latter two categories consisted of obser-
vational data).?2%21:3157 A total of 1940 (64%) patients
received targeted therapies, encompassing EGFR, ALK, and
MET TKIs, while 826 (27%) were treated with ICB and
281 (10%) patients had undergone chemotherapy without

involving targeted treatments or ICB (Table 1). In most
studies, baseline ctDNA was assessed immediately prior to
the initiation of treatment, and sequential liquid biopsies
were performed in the following weeks to monitor ctDNA
kinetics. Included studies reported ctDNA clearance as the
presence of undetectable mutations in plasma, while ctDNA
decrease definitions varied across 30% or 50% reduction of
VAF (Supplementary Table S1).

Plasma ctDNA kinetics association with
progression-free survival

Pooled results regarding PFS included 31 studies and revealed
that patients with ctDNA decrease/clearance had improved
outcomes (HR: 0.32 [0.26, 0.40], 95% CI, [2=63%,
P <.01). The subgroup of studies that reported ctDNA
decrease (VAF reduction) also demonstrated its association
with a better PFS (HR: 0.44 [0.33,0.58], 95% CI, I2 = 53%,
P < .01). Notably, patients with ctDNA clearance (Figure 2)
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Figure 1. Prisma flowchart. Preferred reporting Items for systematic reviews and meta-analyses (PRISMA) flow diagram for literature search and

selection.
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Table 1. Characteristics of studies associating longitudinal ctDNA assessment with advanced NSCLC survival.

First Author/year Study design NSCLC Number Treatment ctDNA detection

Driver mutation of patients method
Anagnostou, 2019 Prospective cohort n/a 24 ICB NGS, tumor informed
Anagnostou, 2023 Clinical trial n/a 50 ICB NGS, tumor agnostic
Buder, 2020 Retrospective cohort EGFR 141 EGEFR TKI PCR, tumor informed
Ding, 2019 Clinical trial EGFR 28 EGFR TKI PCR, tumor informed
Duan, 2020 Clinical trial EGFR 180 EGEFR TKI NGS, tumor informed
Ebert, 2020 Prospective cohort EGFR 82 EGFR TKI PCR, tumor informed
Goldberg, 2018 Retrospective cohort n/a 28 ICB NGS, tumor informed
Han, 2022 Clinical trial n/a 33 Chemoimmunotherapy NGS, tumor agnostic
Joel, 2024 Prospective cohort EGFR 66 EGFR TKI PCR, tumor informed
Kwon, 2022 Prospective cohort ALK 92 EGFR TKIs NGS, tumor informed
Li, 2022 Retrospective cohort EGFR 20 EGFR TKIs NGS, tumor agnostic
Mack, 2022 Clinical trial EGFR 106 EGFR TKlIs NGS, tumor informed
Mao, 2023 Retrospective cohort HER2 50 HER2 TKIs NGS, tumor agnostic
Murray, 2024 Prospective cohort n/a 30 Chemoimmunotherapy NGS,

or immunotherapy tumor informed

Phallen, 2019 Retrospective cohort n/a 28 EGEFR TKIs NGS, tumor agnostic
Provencio, 2021 Clinical trial n/a 15 Chemoradiotherapy PCR, tumor informed
Ricciuti, 2021 Prospective cohort n/a 62 ICB NGS, tumor informed
Romero, 2020 Prospective cohort EGFR 22 EGFR TKI NGS, tumor agnostic
Song, 2020 Clinical trial n/a 248 Diverse NGS, tumor agnostic
So00, 2023 Clinical trial ALK 291 EGFR TKI NGS, tumor agnostic
Thompson, 2022 Prospective cohort n/a 67 ICB NGS, tumor agnostic
van der Leest, 2021 Prospective cohort n/a 100 ICB PCR, tumor informed
Vega, 2021 Clinical trial n/a 200 ICB NGS, tumor agnostic
Wang, 2018 Prospective cohort EGEFR 183 EGEFR TKI PCR, tumor informed
Wang, 2021 Clinical trial EGFR 106 EGFR TKI NGS, tumor agnostic
Weber, 2021 Prospective cohort n/a 152 ICB NGS, tumor agnostic
Yaung, 2022 Prospective cohort n/a 92 Chemotherapy NGS, tumor agnostic
Yu, 2022 Clinical trial METex14 66 MET TKI NGS, tumor agnostic
Zhang, 2024 Clinical trial n/a 22 Chemoimmunotherapy NGS, tumor agnostic
Pellini, 2023 Clinical trial n/a 221 EGFR TKI and chemotherapy PCR, tumor informed
Zheng, 2022 Retrospective cohort EGEFR 51 EGEFR TKI NGS, tumor agnostic
Zheng, 2024 Clinical trial ALK 180 ALK TKI NGS

Abbreviations: PCR, polymerase chain reaction; ICB, immune checkpoint blockade; TKI: tyrosine kinase inhibitor; n/a, not available; NGS, next generation

sequencing

presented even greater benefits in PFS when compared with
patients without clearance (HR: 0.27 [0.20, 0.36], 95% CI,
I2=53%, P <.01), with a statistically significant difference
with the subgroup of studies that evaluated ctDNA decrease
(P =.02). An increase in PFS was observed in patients with
ctDNA decrease or clearance undergoing TT (HR: 0.34
[0.24, 0.46], 95% CI, I = 61%, P < .01) and ICB (HR: 0.33
[0.24, 0.46], 95% CI, I?=68%, P <.01). EGFR-mutant
NSCLC patients who exhibited clearance of EGFR mutant
clones in ctDNA demonstrated benefits in PFS (HR: 0.30
[0.22, 0.41], 95% CI, I?=5%, P <.01). Tumor-agnostic

assays showed a significant link between ctDNA clearance/
decrease and PFS (HR 0.37,95% CI [0.27, 0.50], I2 = 65%,
P <.01), with even stronger results for tumor-informed
assays (HR 0.32, 95% CI [0.25, 0.42], I2=43%, P <.01),
but without statistically significant difference between the
subgroups (Table 2).

Plasma ctDNA kinetics association with overall
survival

Overall survival pooled results across 25 studies showed a
significantly increased OS (Figure 3) in patients with ctDNA
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Hazard Ratio

Hazard Ratio I

Study orSubgroup log[Hazard Ratio] SE Weight IV,Random,95% Cl IV,Random, 95% CI
1.1.1 Clearance

Anagnostou, V 2019 -1.6607 0.6196 2.0% 0.19[0.08, 0.64]

Anagnostou, V 2023 -0.5978 0.3687 35% 0.55[0.27, 1.13] ——
Buder, A 2020 -1.8202 0.363 35% 0.16 [0.08, 0.33] —x

Ding, P 2019 -17037 07244 17% 0.18[0.04, 0.75] P
Duan, J 2020 -04308 0.1764 5.0% 0.65[0.46, 0.92] =
Ebert, E 2020 -14524 04237 3.1% 0.23[0.10, 0.54] S

Han, X 2022 -1474 08416 13% 0.23[0.04, 1.19] S
Joel, A 2024 -0.5656 04747 28% 0.57[0.22, 1.44] _T
Kwon, M 2022 -1.3471 04389 3.0% 0.26[0.11, 0.61)] -

Li, Y 2022 -0.8627 05277 2.5% 0.42[0.15, 1.19] T
Mack, P 2022 -1.4524 05738 22% 0.23[0.08,0.72] B
Mao, S 2023 -1.0954 0.5402 24% 0.33[0.12, 0.96] ——
Murray, J 2024 -1.7316 0.5872 22% 0.18[0.06, 0.56] - =
Pellini, B 2023 -1.1712 0.2471 4.4% 0.31[0.19, 0.50] S
Phallen, J 2019 -4199 0.836 1.3% 0:DZ[000:/0:08] ——

Provencio, M 2021 -1.3318 0.8698 1.3% 0.26 [0.05, 1.45] E————
Romero, A 2020 -1.6296 0.653 1.9% 0.20[0.05, 0.70] I
Thompson, J 2022 -1.6094 04675 28% 0.20[0.08, 0.50] —
Wang, P 2021 -0.7133 0.3474 3.6% 0.49[0.25, 0.97] = |
Wang, Z 2018 -1.9661 0.2606 4.3% 0.14[0.08, 0.23] -

Yu, Y 2022 -0.8119 05207 25% 0.44[0.16, 1.23] =
Zhang, M 2024 -1.4448 0.642 20% 0.24[0.07, 0.83]

Zheng, J 2024 -16371 03513 3.6% 0.22[0.11,0.43] e
Subtotal (95% Cl) 63.1% 0.27 [0.20, 0.36] &
Heterogeneity: Tau® = 0.26; Chi? = 55.56, df = 22 (P < 0.0001); I = 60%

Test for overall effect: Z = 8.99 (P < 0.00001)

1.1.3 Decrease (VAF reduction)

Goldberg, S 2018 -1.2379 05748 22% 0.29[0.09, 0.89]

Pellini, B 2023 -14188 04023 3.2% 0.24[0.11, 0.53] —_r
Ricciuti, B 2021 -1.2379 03716 3.5% 0.29[0.14, 0.60] S S
So0, R 2023 (Critzotinib) 0.3947 0.408 3.2% 1.48[0.67, 3.30) B
Soo, R 2023 (Lorlatinib) -0.9943 04245 3.1% 0.37[0.16, 0.85] S
Thompson, J 2022 -1.3863 0.3496 36% 0.25[0.13, 0.50] —t—

Van der Leest, P 2021 -0.8723 03174 3.9% 0.42[0.22,0.78) e
Vega, D 2021 -0.5656 0.1504 52% 0.57[0.42, 0.76] S
Weber, S 2021 -05978 0.1741 5.0% 0.55[0.39, 0.77] =
Yaung, S 2022 -0.8347 03065 4.0% 0.43[0.24,0.79] T
Subtotal (95% ClI) 36.9% 0.44 [0.33, 0.58] L4
Heterogeneity. Tau? = 0.09; Chi* = 19.18, df = 9 (P = 0.02); P = 53%

Test for overall effect: Z = 5.79 (P < 0.00001)

Total (95% Cl) 100.0% 0.32 [0.26, 0.40] L
Heterogeneity: Tau® = 0.21; Chi* = 87.38, df = 32 (P < 0.00001); I? = 63% '0_01 0.'1 ] 1'0 100'

Test for overall effect: Z = 10.28 (P < 0.00001)

Test for subgroup differences: Chi?=585,df =1 (P =0.02), ? =82.9%

With ctDNA response Without ctDNA response

Figure 2. Forest plot of the association between plasma ctDNA kinetics and progression-free survival. Forest plots of the PFS hazard ratios regarding (a)
ctDNA clearance, (b) EGFR clearance, and (c) ctDNA decrease. Squares are the effect size of the individual studies; diamonds, the summarized effect
size; horizontal lines, upper, and lower borders of 95% ClI; P-values < .05 are considered statistically significant.

decrease/clearance (HR: 0.31[0.23,0.42],95% CI, I2 = 47%,
P <.01). While ctDNA decrease was associated with a better
OS (HR: 0.38[0.31,0.46],95% CI, I2 = 0%, P < .01), ctDNA
clearance yielded even greater results (HR: 0.31[0.20, 0.47],
95% CI, I = 59%, P < .01). The subgroup analysis according
to treatment class demonstrated statically significant benefit
of ctDNA clearance/decrease in patients undergoing TT (0.41
[0.28,0.58],95% CI, 2 =41%, P < .01) and ICB (0.32 [0.25,
0.41], 95% CI, I> = 24%, P < .0). The mutation-based clear-
ance of EGFR mutant clones was associated with increased
0S (HR: 0.30 [0.22, 0.41], 95% CL, I2 = 5%, P < .01).

Sensitivity analysis and meta-regression

Analysis regarding different study designs demonstrated that
ctDNA clearance/decrease was associated with greater PFS
both in observational studies (0.28 [0.21, 0.36], 95% CI,
12 =53%, P <.01) and clinical trials (0.40 [0.28, 0.57], 95%
CL I2 = 68%, P <.01). Assessing ctDNA at baseline and up
to 4 weeks (Table 2) after treatment showed a connection
to improved PFS (HR 0.29, 95% CI [0.16, 0.53], I2 = 72%,
P < .01). Similar results were seen for assessments conducted
after 4 weeks (HR 0.33, 95% CI [0.25, 0.42], [2=63%,
P <.01). In addition, meta-regression (Supplementary Figure
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Table 2. Summary of results comparing patients with ctDNA clearance/decrease and patients without molecular response.
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Subgroups Progression-free survival Overall survival

HR (95% CI) P 12 Test for subgroup HR (95% CI) P 12 Test for subgroup

difference difference

Treatment class P=.93 P=.27
ICB 0.33[0.24,0.46] <01  68% 0.32[0.25,0.41] <01  41%
Targeted therapies 0.34 [0.24, 0.46] <.01 61% 0.4110.28,0.58] <.01 0%
Assessment time- P=.76 P=.07
point
Timepoint < =4 0.29[0.16,0.53] <01  72% 0.32[0.15,0.36]  <.01 0%
weeks after baseline
Timepoint > 4 0.33[0.25, 0.42] <.01 63% 0.3710.29,0.47 <.01 42%
weeks after baseline
Study design P=.11 P=.22
Clinical trial 0.40 [0.28, 0.57] 01 68% 0.36[0.29,0.43] <01  43%
Observational 0.28 [0.31, 0.36] <.01 53% 0.32[0.26, 0.40] <.01 6%
Assay type P=.53 P=.17
Tumor agnostic 0.3710.27,0.50] <.01 65% 0.36 [0.29, 0.46] <.01 25%
Tumor informed 0.32[0.25,042] <01  43% 0.27[0.19,0.38] <01  55%

Pooled results of PFS and OS according to different subgroups of studies. P-values < .05 are considered statistically significant.

Abbreviations: HR, hazard ratio; ICB, immune-checkpoint blockade.

S4) showed no significant association between the hazard
ratios of PFS and NSCLC subtypes (P =.59), smoking status
(P =.84), and sex (P = .61).

Quality assessment

The visual inspection of the contour-enhanced funnel plot
(Supplementary Figure S3) suggested that smaller and signifi-
cant study results might be missing in the right portion of the
plot, which could indicate the possibility of publication bias.
However, the Egger test indicates the absence of asymmetry
(t=-0.544, P =.59). All articles scored either moderate or
low overall risk of bias on QUIPS checklist. A moderate risk
of bias was attributed to some studies mainly due to con-
founding factors not properly analyzed. Results were summa-
rized graphically with the traffic light plot and summary plot
(Supplementary Figures S1 and S2).

Discussion

This systematic review and meta-analysis findings demon-
strated that advanced NSCLC patients undergoing systemic
treatment presenting plasma ctDNA reduction or clearance
derived significant benefits in OS and PFS compared to patients
that did not present ctDNA clearance or decrease. These
results were consistent across different therapeutic strategies,
including TT and ICB. Patients presenting a ctDNA reduc-
tion or clearance in serial ctDNA sampling while undergoing
systemic treatment showed improved survival outcomes; this
association was seen regardless of the assay type and ctDNA
assessment time points. Subgroup analysis showed the depth
of molecular response was associated with better treatment
outcomes and patients achieving ctDNA clearance demon-
strated significant improved PFS when compared to ctDNA
reduction. These findings highlight the importance of leverag-
ing longitudinal ctDNA sampling as an early biomarker for
timely detection of patients who are deriving a therapeutic

response from systemic therapies and its role as a possible
surrogate endpoint that may allow clinicians to take risk-
adapted treatment decisions.

Several methods are employed in the literature to sum-
marize ctDNA levels and incorporate ctDNA characteristics
for association with clinical outcomes.’”® A key distinction
is between tumor-informed and agnostic assays. Bespoke
ctDNA assays use the specific somatic alterations of an
individual’s tumor tissue, enhancing confidence in detecting
cancer-derived mutations and subsequently potentially higher
sensitivity accuracy, but this approach might be challenged by
substantial mutational heterogeneity, few recurrently mutated
genes, and difficulty in obtaining tumor tissue in patients to
enable bespoke assays.** Tumor-agnostic or tissue-free
ctDNA approaches leverage a broad panel of common muta-
tions without prior tumor knowledge, with the advantage
of not needing tissue sampling but might have lower sensi-
tivity accuracy.®®? Pooled results from this meta-analysis
(Figure 4) showed a significant correlation between ctDNA
clearance/decrease and PFS using both tumor-agnostic (HR
0.37, 95% CI [0.27, 0.50]) and informed assays (HR 0.32,
95% CI [0.25, 0.42]). Interestingly, a similar association
was reported in an exploratory analysis of the phase II ran-
domized ctDNA-guided BR.36 trial, evaluating molecular
response-adaptive immune-chemotherapy for patients with
NSCLC, revealing 100% concordance in molecular response
between the tumor-informed and agnostic approaches, while
90.9% of concordance was found regarding the cellular ori-
gin of variants.*?

The substantial heterogeneity among assays and different
timepoints employed in ctDNA analysis across studies is a
barrier to establishing a standardized definition for ctDNA
molecular response.®® Discrepancies in defining ctDNA reduc-
tion, often characterized as a decrease in mean variant allele
fraction (VAF) or mutant allele frequency (MAF) of tumor-
derived alterations over time, and clearance, referring to the
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Hazard Ratio

Hazard Ratio

Study orSubgroup log[Hazard Ratio] SE Weight IV,Random,95%CI 1V, Random, 95% CI
2.1.1 Clearance
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Figure 3. Forest plot of the association between plasma ctDNA kinetics and overall survival. Forest plots of the OS hazard ratios regarding (a) ctDNA
clearance, (b) EGFR clearance, and (c) ctDNA decrease. Squares are the effect size of the individual studies; diamonds, the summarized effect size;
horizontal lines, upper and lower border of 95% CI; P values < .05 are considered statistically significant.

complete elimination of circulating tumor load, across studies
underscore the need to consider their varying implications for
patient outcomes.** For instance, a decrease of ctDNA >50%
has been leveraged as a standard to characterize a molecular
response in patients with advanced NSCLC?7°%¢5 and across
other tumor histological types.®®% Consistent with previous
studies evaluating plasma ctDNA kinetics,** our results indi-
cate that ctDNA decrease was associated with increased PFS
(HR: 0.44; 95% CI [0.33, 0.58]), and ctDNA clearance was
associated with a more robust improvement in OS (HR: 0.27;
95% CI [0.20, 0.36]).

Mutation-driven ¢tDNA is another option for moni-
toring treatment response in advanced NSCLC, providing
insights into the effectiveness of targeted treatments by track-
ing specific mutations such as EGFR, ALK, and KRAS.%*7°
Monitoring the clearance of EGFR-clones in c¢tDNA has
been described as a response predictor for EGFR tyrosine
kinase inhibitors.?»”"7> Pooled results from our analysis

revealed that patients with NSCLC who exhibited clearance
of EGFR mutant clones in ¢tDNA demonstrated benefits in
PFS (HR: 0.30[0.22,0.41],95% CI) and OS (HR: 0.31 [0.19,
0.50], 95% CI). Furthermore, a previous study reported that
patients diagnosed with advanced KRAS-mutant NSCLC
undergoing therapy with adagrasib that presented clearance
in KRAS-clones showed improved survival (14.1 months vs
8.7 months; P = .04; HR = 0.3).* This evidence suggests that
a mutation-based longitudinal ctDNA assessment may pre-
dict treatment response.

Optimal timing of on-treatment ctDNA analysis also lacks
standardization and represents a hurdle to implementing lon-
gitudinal plasma ctDNA assessment in routine clinical prac-
tices.”>’* Evaluation-time bias and molecular kinetics variance,
influenced by tumor shedding biology and different mecha-
nisms across therapeutics, complicate the determination of a
common optimal timepoint for plasma ctDNA sampling.”>7¢
Earlier studies suggest that for patients receiving ICB, optimal
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Figure 4. Forest plot of the association between plasma ctDNA kinetics and PFS according to assay type. Forest plots of the PFS hazard ratios
regarding (A) ctDNA clearance, (B) EGFR clearance, and (C) ctDNA decrease. Squares are the effect size of the individual studies; diamonds, the
summarized effect size; horizontal lines, upper and lower borders of 95% confidence interval; P-values < .05 are considered statistically significant.

ctDNA analysis occurs earlier on treatment, between 4 and
9 weeks after treatment initiation, while patients undergoing
TT or chemotherapy may benefit from earlier plasma mon-
itoring.””””® Earlier time points may better inform clinical
decision-making but could compromise the sensitivity needed
to accurately predict treatment response or disease progres-
sion.”” In line with previous findings,’® our meta-analysis
results on the ctDNA decrease or clearance analyzed up to
4 weeks after treatment initiation yielded a discrete superior
benefit (HR 0.23, 95% CI [0.15, 0.36]) to later timepoints
analyses (HR 0.37,95% CI[0.29, 0.47]) regarding OS.
While evolving evidence suggests early-on systemic therapy
molecular response employing plasma ctDNA is prognostic,

its integration into routine clinical practice faces significant
challenges. One major barrier is the lack of prospective data
supporting changes in treatment based on ctDNA results for
patients diagnosed with advanced-stage NSCLC. Limited evi-
dence demonstrates that altering therapy based on ctDNA
kinetics improves patient outcomes in this setting. Ongoing
clinical trials, such as the MERMAID-1 trial (NCT04385368),
focus on ctDNA detection in early-stage NSCLC to assess
minimal residual disease (MRD) after surgery and guide the
use of adjuvant durvalumab plus chemotherapy.®® While this
trial explores the role of ctDNA in guiding adjuvant ther-
apy in resected patients, the evidence for real-time treatment
change in advanced-stage cancer based on ctDNA kinetics
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remains insufficient. Prospective studies evaluating the use of
ctDNA for therapeutic modulation in patients with advanced
NSCLC are required for routine clinical implementation.

Our systematic review and meta-analysis provide informa-
tive results on the association between plasma ctDNA kinet-
ics and survival outcomes in advanced NSCLC, however,
some limitations warrant consideration. First, the included
studies varied in their designs, patient populations, and meth-
odologies, which may introduce heterogeneity and bias into
our findings. Second, the reliance on published data limits
our ability to access individual patient data, potentially lim-
iting the depth of our analysis. Additionally, the possibility
of publication bias, although assessed using funnel plots
and statistical tests, cannot be completely ruled out. Despite
these limitations, our study benefits from a comprehensive
search strategy and the inclusion of a large number of stud-
ies, enhancing the robustness of our findings. Furthermore,
the incorporation of sensitivity analyses with meta-
regressions and subgroup analyses allowed for the explo-
ration of potential sources of heterogeneity and provided
valuable insights into the consistency of our results across
different study designs. Overall, these findings contribute to
a better understanding of the longitudinal plasma ctDNA
kinetics as a prognostic biomarker for patients with advanced
NSCLC undergoing systemic therapy, adding relevant data to
the liquid biopsy field beyond plasma ctDNA use for cancer
genotyping and treatment resistance.

Conclusion

In our study, longitudinal or serial plasma ctDNA clearance
or reduction was associated with improved survival outcomes
in patients with advanced NSCLC undergoing TT and ICB.
Our study results support the use of plasma ctDNA as an
early endpoint in prospective clinical trials for further bio-
marker validation before incorporation in the clinical setting.
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