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ABSTRACT

Introduction: Although circulating tumor DNA (ctDNA)
dynamics have been widely explored for therapeutic
response assessment, standardized methodologies remain
elusive. Here, we developed MinerVa-Delta, a novel approach
to quantify ctDNA dynamics by calculating weighted muta-
tion changes in samples with multiple tracked variants.

Methods: MinerVa-Delta was developed and analytically
validated using serially diluted reference samples. The
optimal cutoff was determined in a discovery cohort of 227
patients with advanced lung squamous cell carcinoma
(LUSC) receiving programmed cell death protein 1 blockade
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plus chemotherapy or chemotherapy alone and further
validated in an independent cohort of 97 patients with LUSC
treated with chemotherapy alone. Variants were de novo
called in pretreatment samples using a 769-gene next-
generation sequencing panel, serving as a basis for person-
alized variant tracking in posttreatment plasma after two
cycles of treatment. We applied MinerVa-Delta to evaluate
prognosis and therapeutic response in advanced LUSC.

Results: Patients classified as molecular responders
(MinerVa-Delta <30%) exhibited significantly improved out-
comes compared with nonresponders (MinerVa-Delta �30%),
with superior progression-free survival (hazard ratio ¼
0.19, p < 0.001) and overall survival (hazard ratio ¼ 0.24,
p < 0.001). MinerVa-Delta displayed consistent prediction
performance in the validation cohort. Furthermore,
MinerVa-Delta accurately identified radiologic stable dis-
ease patients, a clinically heterogeneous population, who
could benefit from initial treatment.

Conclusions: Our findings suggest MinerVa-Delta is feasible
for evaluating treatment response in patients with advanced
LUSC. Integrating ctDNA profiling with conventional imaging
could enhance response assessment, particularly in radio-
logic stable disease patients, enabling more precise thera-
peutic decision-making.

� 2025 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. All rights are reserved,
including those for text and data mining, AI training, and
similar technologies.
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Introduction
Radiologic imaging technologies have long been used

to assess therapeutic response and track posttreatment
outcomes in patients with cancer. Despite being widely
used in clinical practice and research, these imaging-
based approaches have limitations, including inconsis-
tency in image interpretation and technical constraints
in visualizing malignancies at specific anatomical sites.1,2

These challenges are exacerbated in immunotherapy, in
which tumor enlargement or pseudoprogression may
reflect treatment-induced immune activity rather than
true disease progression,3–5 rendering traditional size-
based response criteria unreliable.2,6 To address these
challenges, circulating tumor DNA (ctDNA) has emerged
as a promising alternative biomarker.

The utility of ctDNA for molecular response assess-
ment has been extensively reviewed,7,8 highlighting its
advantages over traditional image-based approaches.
Typically, ctDNA-based evaluation of molecular response
involves quantifying ctDNA kinetics by comparing
posttreatment or on-treatment time points with baseline.
Serial monitoring of ctDNA in plasma, which tracks in-
creases or decreases over time, has proven to be an
effective disease-monitoring tool.9,10 Coupled with next-
generation sequencing (NGS) assays, various metrics
have been developed, including the mean variant allele
frequency (VAF),11,12 maximum VAF,10,13–16 and ctDNA
concentration in terms of haploid genome equivalents
per milliliter.17,18

Notably, a decrease or complete clearance of ctDNA
within the first 3 to 9 weeks after treatment initiation has
been found to be associated with favorable treatment
outcomes.7,13,19–21 ctDNA clearance or persistence clas-
sification is particularly useful for patients with early-
stage cancer or when evaluating changes in a single tar-
geted variant. For instance, our previous study found that
patients with ctDNA clearance after adjuvant treatment
experienced substantially improved survival compared
with those with persistent ctDNA, highlighting the prog-
nostic value of dynamic ctDNA assessment.22 Yet, in pa-
tients with advanced cancer, complete clearance of ctDNA
may not always occur. In such cases, a substantial reduc-
tion in ctDNA, despiteminimal residual levels, can indicate
a remarkable therapeutic response. Methods such as
proportional change in ctDNA can account for both the
relative change in ctDNA and the amount of residual
ctDNA remaining at the on- or posttreatment time points.
However, no consensus currently exists on the quantita-
tive definition of “meaningful decrease” in ctDNA for
classifying molecular responders.

Threshold values for ctDNA ratio changes used to
select the treatment response group with good prognosis
have varied widely, ranging from 25% to 90%.
Furthermore, all the aforementioned VAF-based metrics
have the limitation of not accounting for the uncertainty
of VAF. Recently, a response classification called “ctDNA-
RECIST” has been proposed,23 on the basis of ctDNA
measurements and confidence intervals (CIs), similar to
the image-based Response Evaluation Criteria in Solid
Tumors (RECIST) system.24 However, the proposed five
classification groups are complex and have not been
prospectively validated.

In this proof-of-concept study, we proposed MinerVa-
Delta as a novel approach to measure the ratio change of
VAF while taking into account the depth and variance of
VAF levels of each variant before and after treatment.
The rationale for considering the depth and variance of
VAF is that the reliability of VAF is related to the dedu-
plicated depth and the allele frequency of the variant at
both pretreatment and posttreatment time points.25 The
VAF SD (std) grows when allele frequency or depth is at
low levels. Consequently, when computing the overall
ctDNA ratio change for each sample, individual variant
ratio change is assigned with a weight. The metric was
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constructed and validated in two independent cohorts
(CameL-Sq21 and LIPUSU trials26) containing patients
with advanced lung squamous cell carcinoma (LUSC)
receiving first-line programmed cell death protein 1 (PD-1)
blockade plus chemotherapy or chemotherapy alone.
Herein, we present the design and analytical validation
of the pretreatment plasma-informed MinerVa-Delta
assay and illustrate the clinical utility of MinerVa-Delta-
defined “molecular responder,” aiming to identify pa-
tients with advanced LUSC who can benefit from first-line
PD-1 blockade plus chemotherapy or chemotherapy
alone.
Methods
Study Design and Patients

This study comprised two independent clinical trials.
The CameL-Sq trial (NCT03668496) was a randomized,
placebo-controlled, multicenter, double-blinded phase 3
trial. Enrolled patients were aged 18 to 75 years with
stage IIIB to IV LUSC. Participants received first-line
camrelizumab or matching placebo in combination
with carboplatin plus paclitaxel for 4 to 6 cycles, fol-
lowed by maintenance therapy with camrelizumab or
placebo until disease progression.21 The second trial,
LIPUSU (NCT02996214), was a randomized phase 3 trial
involving patients with advanced LUSC. Enrolled pa-
tients were randomly assigned to receive up to six cycles
of paclitaxel liposome plus cisplatin or gemcitabine plus
cisplatin as first-line treatment.26 We refer to these two
cohorts as cohort A and cohort B hereafter.

Plasma samples were collected at two time points:
pretreatment baseline (C0) and posttreatment (C1) after 6
weeks or two cycles of treatments. The rationale for
selecting the post–two-cycle time point was our previous
observation that the mean VAF at this stage significantly
distinguished patients with a partial response (PR) from
those with stable disease (p ¼ 0.003) or progressive dis-
ease (PD) (p ¼ 0.004).21 In addition, for cohort A, baseline
tumor biopsieswere collected and somaticmutationswere
analyzed. Patients with matched tumor tissue (C0) and
plasma samples at both C0 and C1 were included. The two
cohorts comprised 227 and97patients, respectively. Time-
matched peripheral blood leukocytes at C0 were prospec-
tively collected to filter out clonal hematopoiesis (CH).

For MinerVa-Delta model development on the basis of
ctDNA dynamic changes, we used samples from cohort A,
which included paired pretreatment tumor biopsies and
plasma samples. The plasma-informed MinerVa-Delta
model established in this cohort was independently vali-
dated in cohort B.

This study was conducted in accordance with the
principles of the Declaration of Helsinki and the Good
Clinical Practice guidelines of the International Council for
Harmonization. The study protocols and all amendments
were reviewed by independent ethics committees or
institutional review boards at each center, and all patients
provided written informed consent.
End Points Assessment
Tumor response assessment followed the RECIST

version 1.1 criteria.24 Assessments were carried out after
2 treatment cycles (6 wk) and repeated every two treat-
ment cycles. The objective response rate, including PR,
stable disease, and PD, was assessed.24 Progression-free
survival (PFS) was defined as the time from randomiza-
tion to the first RECIST-defined disease progression or
death, whichever occurred first. Overall survival (OS) was
defined as the time from randomization to death from any
cause. Patients without death or progression during the
study period were considered censored.
ctDNA Analysis, De Novo Calling and Minerva
Tracking

DNA isolation from plasma samples or biopsies, li-
brary preparation, and NGS were conducted at Genecast
Biotechnology Co. Ltd. Detailed experimental procedures
have been described in the Supplementary Methods.
Comprehensive genomic profiling, including single
nucleotide variant and indels, was analyzed using
MinerVa, a 769-gene NGS panel (Genecast, Wuxi, People’s
Republic of China).19,21 If tumor biopsies were available,
variants detected in biopsies were used for tracking in
pretreatment plasma; otherwise, a de novo calling
approach was used in pretreatment plasma. Variants
identified in pretreatment plasma served as the basis for
personalized tracking in posttreatment plasma (Fig. 1).

The de novo calling method was adapted from our pre-
viously published approach,21 with minor adjustments for
cohort B, inwhich uniquemolecular identifiers (UMIs)were
used. To minimize background noise and ensure high-
quality variants for tracking, several filtering steps were
applied. First, non-hotspot mutations were excluded if they
exhibited a VAF less than 0.1% or a p value greater than
0.001. Second, variants with duplex count of less than 3 (in
UMI-based samples) or VAF of less than 1% (in non-UMI
samples) were excluded to eliminate low-confidence calls.
Finally, paired buffy coat (BC) and plasma ctDNA analysis
were conducted to remove germline and CH-associated
variants. Specifically, plasma variants with VAF less than
1%, which were also present in BC were filtered out if the p
value from the Fisher’s exact test was greater than 0.01,
whereas variants with VAF of 1% or more were excluded if
the ratioofVAF inbaselineplasma toVAF inBCwas5or less.

Genotyping for tracking posttreatment variants was
performed as described,18 with a significant threshold of
p less than 0.01 to determine a positive variant.



Figure 1. Study design, ctDNA workflow and conceptual framework for establishing MinerVa-Delta. This study included two
cohorts: cohort a (discovery cohort) and cohort B (validation cohort). Plasma samples were collected at two time points: C0
(before initial treatment) and C1 (after two cycles of treatments for cohort A and B). MinerVa-Delta for each patient was
defined as the sum of normalized weighted differences in VAFs for each trackable variant. The VAF difference was
calculated as ratio change of posttreatment to pretreatment VAF (VAFpost/VAFpre). The weight assigned to each variant’s
ratio change was positively associated with sequencing depth, VAF levels, and deltaVAF (VAF post-VAF pre) (see Methods
section). This figure illustrates the clinical application of MinerVa-Delta in evaluating treatment response and predicting OS
and PFS in patients with advanced lung squamous cell carcinoma receiving first-line treatments. ctDNA, circulating tumor
DNA; VAF, variant allele frequencies; OS, overall survival; PFS, progression-free survival. Figures were partially created
with BioRender.com.
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The analytical performance was assessed for both de
novo calling and genotyping approaches (detailed in the
Supplementary Methods).
Establishment of MinerVa-Delta model
We developed a ctDNA dynamic change metric by

utilizing pretreatment and posttreatment ctDNA. First, we
computed the VAF ratio change for each mutation using
the formula: VAFpost/VAFpre. Second, instead of calculating
the mean VAF change, we assigned differential weights to
mutations in samples with multiple tracked variants. To
account for VAF uncertainty, we assigned a specific weight
to each locus that is inversely proportional to the std of
VAF. In addition, we incorporated the sequencing cover-
age’s impact on VAF uncertainty by making the uncer-
tainty measure inversely proportional to the sequencing
coverage. We estimated the std for each VAF through
simulation and verified it using the reference samples.

In our approach, we assumed that the number of reads
supporting themutantallele (alternativeallele counts)at each
specific locus follows a binomial distribution X wBðD; pÞ.
Here, D represents the deduplicated depth and p represents
the probability of obtaining the expected X.

The variance of X is expected to be:

varðXÞ ¼ Dpð1� pÞ ¼ EX2 � ðEXÞ2 ¼ EX2 � D2p2 ð1Þ

From (1), we obtained

EX2 ¼ Dpð1� pÞ þ D2p2 ð2Þ

Because D is a constant, therefore,

EðX =DÞ ¼ EX=D ¼ p ð3Þ

Then, from both (2) and (3), the variance of X/D is
derived as follows:

varðX =DÞ ¼ E
�
X2

�
D2

��ðEðX=DÞÞ2 ¼ EX2
.
D2 � p2

¼ �
Dpð1� pÞþD2p2

� �
D2 � p2 ¼ pð1� pÞ�D ð4Þ

Therefore, we finally obtained \cr
stdðX =DÞ ¼ stdðVAFÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pð1� pÞp
=

ffiffiffiffiffiffiffiffiffiffiffiffi
depth

p ð5Þ
Reference samples were used to verify the expected

std(VAF).
After that, the std(VAF) derived from (5) was used for
calculating the weight of each locus change with the
following formula:

~w ¼ ��VAFpre �VAFpost
��� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

std
�
VAFpre

�þ std
�
VAFpost

�q

(6)
For samples with multiple tracked mutations, the
weight for the i th mutation was further normalized as:

wi ¼ ~wi

�
Sn
i¼1 ~wi (7)

In the final step, for each sample, MinerVa-Delta was
estimated by the formula MinerVa-Delta:

MinerVa�Delta ¼
Xn

i¼1

�
wi � VAFi

post

.
VAFi

pre

	
(8)

The concordance of the estimated weighted ratio
change derived from MinerVa-Delta with the observed
ratio change was assessed (detailed in Supplemental
Methods).

Statistical Analyses
Survival curves were estimated using the Kaplan-

Meier method. Hazard ratios (HRs) for OS and PFS
were calculated using univariate or multivariate Cox
proportional hazard models while p-values were calcu-
lated using the log-rank test. The Kruskal-Wallis test was
applied to assess differences among more than two
groups. For pairwise comparisons following a significant
Kruskal-Wallis test, the Dunn test was used, with p-
values adjusted using the Benjamini-Hochberg method
to control for multiple testing. All hypothesis testing was
two-sided, with a significance threshold of p < 0.05. All
analyses were performed in R, version 4.1.3 (R Core
Team, Vienna, Austria). Prognosis analysis was con-
ducted using the survival and survminer R packages.
Receiver operating characteristic analysis was per-
formed using the timeROC R package.27

Results
Design and Technical Verification of MinerVa-
Delta

We developed a plasma-informed MinerVa-Delta
model (Fig. 1) to address two clinical needs: (1)
improving prognosis evaluation for patients with
advanced LUSC after treatment, especially after immu-
nochemotherapy, through a refined molecular response
model; and (2) measuring treatment response in pa-
tients without available tissue. The specific MinerVa-
Delta algorithm is described in the Methods section.

The analytical performance of the de novo calling
and genotyping method was assessed separately. Dur-
ing an analytical evaluation with a series of diluted
standard samples containing 12 mutations with known
VAF, the 95% limit of detection for the UMI-based de
novo calling approach was 0.42% (95% confidence in-
terval [CI]: 0.41%–0.45%), whereas, for the non–UMI-
based method, it was 1.43% (95% CI: 1.39%–1.47%)
(Supplementary Table 1). The 95% limit of detection
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for genotyping was determined to be 0.19% (95% CI:
0.17%–0.21%) (Supplementary Table 2). Cross-patient
validation further revealed that the specificity of gen-
otyping reached 99.86% (95% CI: 99.84%–99.88%)
(Supplementary Table 3).

To simultaneously evaluate the accuracy of both de
novo calling and genotyping, another series of diluted
standard samples containing 687 known single nucleo-
tide variants and indels were analyzed. The VAF of these
expected mutations ranged from 0.029% to 100%, with
the average VAF calculated from three replicates of
each variant. As VAF decreased, the deviation of VAF
increased. Genotyping identified 82% (n ¼ 563) of ex-
pected variants, and de novo calling identified 59% (n ¼
408). For mutations with VAF greater than 0.1% (n ¼
475), de novo calling identified 85%, and genotyping
detected 99%. The observed VAF revealed high concor-
dance with the expected VAF (Pearson correlation coef-
ficient: 0.94, p < 0.001) (Supplementary Fig. 1A).

The core element of MinerVa-Delta was assigning
weight to the ratio change of each tracking variant. We
then proceeded to evaluate the estimation accuracy of
MinerVa-Delta by comparing the algorithm-computed
ratio reduction (observed ratio change) with the ex-
pected ratio reduction, which was calculated on the basis
of the actual dilution ratio (concentration of postdiluted
sample/concentration of prediluted sample). Notably,
the observed ratio reduction estimated by the MinerVa-
Delta algorithm revealed a significant correlation with
the expected ratio reduction, with a Spearman’s corre-
lation of 0.97 (p < 2.2e-16) (Supplementary Fig. 1B).
Patient Characteristics and Pretreatment ctDNA
Detection

This study used data from two independent prospec-
tive clinical trials involving individuals with advanced
LUSC (Fig. 1). Patient characteristics are summarized in
Supplementary Table 4. The two cohorts were compara-
ble in terms of age, stage, and sex distribution. The
average baseline ctDNA detection rate was 85%.
MinerVa-Delta Effectively Divided Patients Into
Molecular Response and Nonresponse Groups

In cohort A, ctDNA positivity was 88% (199 of 227
patients) (Fig. 2A), with similar detection rates across
clinical arms. MinerVa-Delta was used to calculate the
weighted ctDNA ratio change before and after treatment
for all tracked mutations per patient, as described in the
Methods. Briefly, de novo calling identified pretreatment
plasma variants, which were then used as a basis for
personalized posttreatment plasma variant detection.

In cohort A, patients with CR or PR (n ¼ 84) had
significantly lower MinerVa-Delta levels than those with
stable disease (n ¼ 89) (p < 0.0001) or PD (n ¼ 24) (p <

0.0001). In addition, stable disease patients had signifi-
cantly lower MinerVa-Delta levels than PD patients (p ¼
0.012) (Fig. 2B). We then determined the MinerVa-Delta
threshold for distinguishing molecular response from
nonresponse groups using cohort A as a discovery set.
Among cutoffs ranging from 5% to 95%, a 30%
threshold best predicted OS, yielding the lowest HR of
0.24 (95% CI: 0.16–0.35, p < 0.001) (Fig. 2C). Mean-
while, MinerVa-Delta’s prediction for PFS saturated after
30% (Fig. 2D), establishing 30% as the threshold for
distinguishing molecular responders (MinerVa-Delta less
than 30%) from nonresponders (MinerVa-Delta �30%).
Using normalized weights of ratio changes for each
variant, we graphically depicted representative molecular
responders (Supplementary Fig. 2A) and nonresponders
(Supplementary Fig. 2B). The sum of differentially weighted
ratio changes determined the treatment response for each
patient (Fig. 1). Consequently, 41 of 199 patients (21%)
were classified as molecular nonresponders, whereas 158
(79%) were molecular responders. Molecular responders
had significantly lower disease progression risk (HR ¼ 0.19,
95% CI: 0.13–0.28, p < 0.001) and death risk (HR ¼ 0.24,
95% CI: 0.16–0.35, p < 0.001) (Fig. 2E and F). Multivariate
analysis confirmed MinerVa-Delta as a strong predictor for
PFS (HR¼ 0.23, 95% CI: 0.15–0.34, p< 0.001) (Fig. 2G) and
OS (HR ¼ 0.25, 95% CI: 0.16–0.38, p < 0.001) (Fig. 2I),
accounting for 53.92% (PFS) (Fig. 2H) and 60.49% (OS)
(Fig. 2J) of predictive power. Notably, treatment regimen
(PD-1 blockade plus chemotherapy versus chemotherapy
alone) and programmed death-ligand 1 expression (tumor
proportion score �1% versus <1%), identified as key
predictors in univariate analysis (Supplementary Fig. 2C),
remained significant PFS predictors in multivariate analysis
(Supplementary Fig. 2G). In addition, programmed death-
ligand 1 expression and liver metastasis were indepen-
dently associated with OS in multivariate analysis (Fig. 2I,
Supplementary Fig. 2D), accounting for 25.16% of OS pre-
dictive power (Fig. 2J).

We further questioned whether incorporating previ-
ous information from tumor tissue for variant tracking,
termed the tumor-informed strategy, would yield com-
parable performance to the plasma-informed approach.
As expected, the tumor-informed strategy achieved a
higher detection rate of 99.6% (226 of 227 patients)
(Supplementary Fig. 3A). The molecular response rate
was slightly higher in the PD-1 blockade plus chemo-
therapy arm (87%, 91 of 105 patients) compared with
the chemotherapy-only arm (74%, 90 of 121 patients),
consistent with observations from the plasma-informed
strategy (Fig. 2A). Notably, the tumor-informed
MinerVa-Delta metric exhibited comparable classifica-
tion performance in predicting both PFS and OS to the
plasma-informed MinerVa-Delta metric across the entire
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Figure 2. MinerVa-Delta metric cutoff determination and clinical performance. Variants de novo called in pretreatment
plasma were used for variant detection in posttreatment plasma. (A) Pretreatment ctDNA detection rates in all patients and
each treatment arm in cohort A, along with the number of patients classified as molecular responders and nonresponders
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cohort A (Supplementary Fig. 3B). Furthermore, among
the 199 patients with results from both strategies, the
tumor-informed and plasma-informed approaches exhibi-
ted similar time-dependent areas under the curve up to 3
years (Supplementary Fig. 3C). We then compared the
prediction performance of MinerVa-Delta to mean VAF-
based metrics at 30% and 50% ratio change cutoffs,
which have been used in previous studies.11,12 As ex-
pected, MinerVa-Delta outperformed these mean VAF-
based metrics at both 30% and 50% cutoffs, displaying
superior C-index values and better predictive performance
for both PFS and OS (Supplementary Table 5).

Validation of MinerVa-Delta in an Independent
Cohort

The prediction performance of MinerVa-Delta was
further validated in another independent cohort B
including patients with advanced LUSC receiving first-
line chemotherapy. Baseline ctDNA positivity was 78%
for the entire cohort (76 of 97 patients), with 38 patients
in each of the paclitaxel liposome plus cisplatin and
gemcitabine plus cisplatin arms (Fig. 3A). In cohort B,
MinerVa-Delta levels were also associated with tumor
response (CR or PR versus stable disease versus PD, p <

0.0001) (Fig. 3B). Using the same 30% cutoff, 54 patients
(71%) were classified as molecular responders and 22
patients (29%) as molecular nonresponders. Molecular
response status significantly predicted PFS (HR ¼ 0.05,
95% CI: 0.02–0.13, p < 0.001) and OS (HR ¼ 0.12, 95%
CI: 0.06–0.24, p < 0.001) (Fig. 3C and D). These results
indicate that patients in the molecular nonresponse
group have approximately 20 times higher risk of dis-
ease progression and 8.3 times higher mortality risk.
Multivariate analysis confirmed that MinerVa-Delta
independently predicted PFS (HR ¼ 0.06, 95% CI:
0.03–0.14, p < 0.001) and OS (HR ¼ 0.12, 95% CI: 0.06–
0.24, p < 0.001) in cohort B (Supplementary Fig. 4).

MinerVa-Delta Accurately Differentiated
RECIST-Defined Stable Disease Patients

Although current clinical guidelines recommend
maintaining the original treatment for patients classified
as having stable disease on the basis of RECIST criteria,
how to individually manage these patients remains a
critical medical concern, particularly for those receiving
PD-1 blockade treatment. We, therefore, evaluated the
clinical performance of MinerVa-Delta in radiologic stable
disease patients. The results revealed that MinerVa-Delta
could further reclassify stable disease patients. In cohort
comparison with molecular nonresponse group (MinerVa-Delta
illustrating MinerVa-Delta and clinical parameters for PFS predic
MinerVa-Delta to PFS prediction in multivariate Cox analysis. (I)
parameters for OS prediction. (J) Relative contribution of all
multivariate Cox analysis. ORR, objective response rate; CR, com
progressive disease; HR, hazard ratio.
A, 66 of 89 (74%) stable disease patientswere classified as
molecular responders, whereas in cohort B, 8 of 13 (61%)
stable disease patients weremolecular responders. In this
stable disease subgroup analysis, molecular responders
and nonresponders exhibited significantly different
prognoses in both cohorts (cohort A: HR¼0.28, p<0.001;
cohort B: HR ¼ 0.16, p ¼ 0.007), whereas molecular
nonresponders behaved similar outcomes to PD patients
(p ¼ 0.721 and not applicable for cohort A and cohort B,
respectively) (Fig. 4A and B).

A slightly better differentiation was observed in the
PD-1 blockade plus chemotherapy arm (HR ¼ 0.18, p <

0.001) compared with the chemotherapy arm (HR ¼
0.40, p ¼ 0.003) (Fig. 4C and D). Furthermore, molecular
responders within the stable disease group had signifi-
cantly better OS compared with molecular nonresponders
within the stable disease group (Supplementary Fig. 5A–
D). In summary, patients with radiologic stable disease
but MinerVa-Delta–defined molecular response may
benefit from continuing initial treatment. Conversely, pa-
tients with radiologic stable disease and molecular
nonresponse have similar PFS and OS to patients with PD
according to RECIST (Fig. 4A–D, Supplementary Fig. 5A–
D), implying that this subgroup may need to consider
changing treatment options (Fig. 4E).

MinerVa-Delta Better Stratified Patients
Treated With PD-1 Blockade Plus Chemotherapy

We observed superior performance of MinerVa-Delta
in the PD-1 blockade plus chemotherapy arm compared
with the chemotherapy-only arm. In the PD-1 blockade
plus chemotherapy arm, molecular responders exhibited
significantly improved PFS and OS (HR ¼ 0.13, 95% CI:
0.07–0.26, p < 0.001 for PFS; HR ¼ 0.11, 95% CI: 0.05–
0.23, p < 0.001 for OS), which were numerically better
than those in the chemotherapy-only arm (HR ¼ 0.27,
95% CI: 0.17–0.44, p< 0.001 for PFS; HR¼ 0.35, 95% CI:
0.21–0.57, p < 0.001 for OS) (Fig. 5A and B). The inter-
active p values were 0.033 for PFS and 0.008 for OS,
indicating that MinerVa-Delta effectively identified pa-
tients who could receive durable clinical benefit from the
addition of PD-1 blockade treatment. Similarly, molecular
responders exhibited improved PFS and OS in both arms
using tumor-informed strategies, though the treatment
interaction was significant only for PFS (interactive p
value ¼ 0.028 for PFS and 0.093 for OS) (Fig. 5C and D).

Given that RECIST remains the golden standard for tu-
mor response assessment, we further compared the per-
formance of MinerVa-Delta versus RECIST in predicting
� 30%, red line) for OS and PFS. (G) Multivariate forest plot
tion. (H) Relative contribution of all clinical parameters and
Multivariate forest plot illustrating MinerVa-Delta and clinical
clinical parameters and MinerVa-Delta to OS prediction in
plete response; PR, partial response; SD, stable disease; PD,
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Figure 3. MinerVa-Delta metric performance in independent cohort B. (A) Pretreatment ctDNA detection rates in all patients
and each treatment arm in cohort B, along with the number of patients classified as molecular response and nonresponse using
MinerVa-Delta. (B) Association of MinerVa-Delta with ORR (CR or PR versus stable disease versus PD). (C–D) Kaplan–Meier curves
illustrating the prognosis of themolecular response group (dark blue line) in comparison withmolecular nonresponse group (red
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PFS and OS. Notably, MinerVa-Delta achieved numerically
better performance in predicting both PFS (HR ¼ 0.19
versus 0.31) and OS (HR ¼ 0.24 versus 0.46) across the
entire patient population in cohort A (Fig. 5E and F).
Incorporating MinerVa-Delta with RECIST significantly
improved prediction accuracy for PFS and OS compared
with RECIST alone (Supplementary Fig. 6A and B).

When comparing the prediction effectiveness of
MinerVa-Delta and RECIST in the PD-1 blockade plus
chemotherapy arm and chemotherapy arm separately, we
found that MinerVa-Delta performed better than RECIST
in the PD-1 blockade plus chemotherapy arm (HR ¼ 0.14
versus HR¼ 0.46 for PFS and HR¼ 0.12 versus HR¼ 0.41
for OS) (Fig. 5E and F). Meanwhile, in the chemotherapy-
only arm, MinerVa-Delta exhibited similar prediction
effectiveness to RECIST for PFS (HR ¼ 0.27 for both) and
relatively better performance for OS (HR ¼ 0.35 versus
0.53) (Fig. 5E and F). Furthermore, similar prediction
effectiveness of MinerVa-Delta and RECIST was observed
in cohort B, including patients receiving chemotherapy
alone (Supplementary Fig. 6C).
Discussion
In this study, we developed and validated a proof-of-

concept tool named MinerVa-Delta, which quantifies
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Figure 5. MinerVa-Delta better stratified patients treated with PD-1 blockade plus chemotherapy. (A–D) Kaplan–Meier curves
illustrating prognostic differences between molecular responders (blue) and molecular nonresponders (red) in both PD-1
blockade plus chemotherapy arm (light blue, light red) and the chemotherapy-only arm (dark blue, dark red). The ana-
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interaction p values were calculated using Cox proportional hazards model, with p values assessed by log-rank test. (E and F)

--- 2025 ctDNA as a Biomarker in Patients With LUSC 11



12 Zhou et al Journal of Thoracic Oncology Vol. - No. -
ctDNA dynamic changes, providing valuable insights for
monitoring cancer treatment responses. MinerVa-Delta
effectively classified patients with LUSC receiving first-
line PD-1 blockade plus chemotherapy or chemotherapy
alone into molecular responders and nonresponders,
revealing significant differences in PFS and OS between
the two groups. More importantly, MinerVa-Delta accu-
rately identified radiologic stable disease patients, a clin-
ically heterogeneous population, who could benefit from
initial treatment. This makes it a valuable supplement to
the current image-based RECIST classification system. A
key advantage of this model is its ability to provide ac-
curate results even in the absence of tumor tissue.

Accurately identifying patients with cancer likely to
benefit from therapies in a timely manner is a crucial
clinical question. Early prediction of treatment response
would enable personalized therapy, ensuring patients
receive the most effective treatment while minimizing
adverse effects. It would also facilitate timely treatment
adjustment for nonresponders. The prognostic value of
pretreatment ctDNA VAF has been controversial, with
some studies supporting its association with outcomes11,17,28

whereas others find no significant correlation, particularly
in LUSC.19,29 In the LIPUSU trial (cohort B), although we
found that pretreatment ctDNA was associated with sur-
vival outcomes,30 ctDNA kinetic changes between pre-
and on- treatment exhibited better separation of patients,
identifying those with worse prognosis. This suggests that
incorporating on-treatment data yields a better evaluation
of treatment responses. Furthermore, for patients with
advanced cancer, ctDNA clearance is rare. In such cases,
defining molecular response on the basis of dynamic
ctDNA changes between baseline and early on-treatment
samples seems more appropriate than relying solely on
ctDNA clearance.

Although our findings align with other proof-of-concept
studies, most of these studies focused on assessing
maximum VAF,10,13–16,31,32 which is susceptible to sto-
chastic sampling bias and temporal heterogeneity in VAF
measurements. For patients with very low baseline
levels, small fluctuations in ctDNA levels over time could
lead to large, calculated percent changes, potentially
affecting the accuracy of response prediction. Few
studies utilized in-depth comprehensive genomic
profiling and calculated mean VAF from all detected
variants (Supplementary Fig. 7A and B). Moreover,
computing equally weighted sums of ctDNA VAF ratio
change can skew results11,12; for example, a decrease
from 50% to 5% VAF is treated similarly to a decrease
Univariate forest plots comparing the prognostic performance o
treatment arms for PFS (A) and OS prediction (B). The numbe
progression-free survival; CI, confidence interval; OS, overall
Response Evaluation Criteria in Solid Tumors; PD-1, programme
from 1% to 0.1%, despite the latter being more sus-
ceptible to fluctuations. To overcome these limitations,
we developed a novel model that accounts for VAF
variance and sequencing depth, improving MinerVa-
Delta’s accuracy across different platforms. At a 30%
threshold, MinerVa-Delta outperformed mean VAF-based
metrics in predicting OS in two independent cohorts.

Another major clinical challenge is determining
whether a patient with a radiologic stable disease is truly
benefiting from treatment. Radiologic stable disease in-
cludes individuals with slowly progressive disease,
indolent nonresponding disease, and radiologically sub-
tle responses to treatment.24 MinerVa-Delta may help
distinguish between patients with indolent or progress-
ing diseases who are unlikely to benefit from initial
therapy, Therefore, it serves as a valuable complement to
RECIST, aligning with findings from other studies.11,13,33

Notably, MinerVa-Delta exhibited higher predictive ac-
curacy in patients receiving PD-1 blockade plus chemo-
therapy compared with those receiving chemotherapy
alone, suggesting it may be particularly useful in
immunotherapy settings. In certain circumstances, tu-
mor volume may not considerably decrease, and some
patients may even experience tumor enlargement,
known as “pseudoprogression,” but eventually benefit
from PD-1 blockade treatment.34 In our model, patients
with radiologic stable disease achieving molecular
response are the “true” beneficiaries, whereas those
classified as molecular nonresponders could be
considered for escalated treatment. This dual func-
tionality could also be valuable in early-phase clinical
trials by providing an additional assessment of clinical
benefit.

This proof-of-concept study highlights a noteworthy
feature of MinerVa-Delta: its effectiveness through two
strategies. Specifically, MinerVa-Delta tracks posttreat-
ment variants using previous knowledge derived from
either plasma or tumor tissue. By implementing these
two strategies, we found the comparable performance of
MinerVa-Delta in differentiating patients into molecular
response and nonresponse groups. Furthermore, our
observation indicates that the tumor tissue-informed
strategy enhances pretreatment ctDNA detection rates
compared with the plasma-informed method. Conse-
quently, if biopsies are available, the tumor tissue-
informed strategy should be preferred. Meanwhile, a
tumor-agnostic strategy proposed by Zhang et al.11 used
a VAF threshold of 0.3% to minimize the background
noise. However, this approach resulted in retaining only
f MinerVa-Delta and RECISTevaluation across all patients and
r of responders, HR, 95% CI and p values are indicated. PFS,
survival; HR, hazard ratio; CI, confidence interval; RECIST,
d death-ligand 1.
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a limited number of variants. Exceptions were made for
variants with VAF less than 0.3% if detected in both
pretreatment and posttreatment samples. Conversely,
our study observed posttreatment plasma variations
with VAFs as low as 0.01% after filtering CH variants,
thereby improving assay sensitivity.

Several limitations of this study should be taken
into account, including its retrospective nature.
Although results were derived from two independent
cohorts and the sample size was large (n ¼ 227 and
n ¼ 97), these findings need validation in external
cohorts or prospective studies. In addition, as chemo-
therapy alone is no longer the standard of care for
patients with advanced LUSC, the relevance of cohort
B’s data in the current treatment landscape is limited.
Nevertheless, cohort B provided valuable insights for
validating the MinerVa-Delta model. Finally, the enrolled
patients only included those with advanced LUSC, the
predictive and prognostic role MinerVa-Delta warrants
future investigations in patients with adenocarcinoma
receiving first-line PD-1 blockade plus chemotherapy or
targeted therapy.

In summary, MinerVa-Delta, which quantitatively as-
sesses ctDNA dynamic changes, complements image-based
RECIST by providing additional molecular information that
enhances treatment response evaluation and guides
personalized cancer care. Integrating ctDNA profiles with
traditional imaging can lead to a more comprehensive and
accurate assessment of treatment responses and disease
status, particularly for patients with radiologic stable dis-
ease receiving PD-1 blockade plus chemotherapy.
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