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Predicting disease recurrence in limited disease small cell lung 
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Background: Limited disease (LD) small cell lung cancer (SCLC) treated with definitive concurrent 
chemoradiotherapy (CCRT) potentially experience disease recurrence. We investigated the feasibility of 
circulating-tumor DNA (ctDNA)-based genomic and fragmentome analyses to assess the risk of recurrence.
Methods: Targeted sequencing was conducted using pre-treatment and on-treatment blood samples from 
definitive CCRT-treated patients with LD-SCLC (n=50). Based on 12-month recurrence-free survival (RFS), 
patients were categorized into persistent-response (PeR, n=29) and non-PeR (n=21) groups. Fragmentome 
analysis was conducted using ctDNA fragments of different lengths: P1 (100–155 bp) and P2 (160–180 bp).
Results: Patients with TP53 (n=15) and RB1 (n=11) mutation in on-treatment samples demonstrated 
significantly shorter RFS than patients with wild-type (WT) (P=0.05, P=0.0014, respectively). Fragmentome 
analysis of all available on-treatment samples (n=26) revealed that the non-PeR group (n=10) had a 
significantly higher P1 range (P=0.003) and lower P2 range (P=0.002). The areas under the curves for P1, 
P2, and the fragmentation ratio (P1/P2) in distinguishing the PeR and non-PeR were 0.850, 0.725, and 0.900, 
respectively. Using optimal cut-off, longer RFSs were found with the low-fragmentation-ratio group than 
with the high-fragmentation-ratio group (not reached vs. 7.6 months, P=0.002). Patients with both WT RB1 
and a low-fragmentation-ratio (n=10) showed better outcomes than patients with both mutated RB1 and a 
high-fragmentation-ratio (n=10; hazard ratio, 7.55; 95% confidence interval: 2.14–26.6; P=0.002).
Conclusions: RB1 mutations and high fragmentation ratios correlated with early disease recurrence. 
Analyzing ctDNA could help in predicting early treatment failure and making clinical decisions for high-risk 
patients.
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Introduction

Small cell lung cancer (SCLC) comprises 15% of newly 
diagnosed lung cancers and is characterized by the early 
development of systemic metastases (1). Approximately one-
third of patients with SCLC are initially diagnosed with 
limited disease (LD), which is confined to the ipsilateral chest 
and can be encompassed within a radiation field for definitive 
concurrent chemoradiotherapy (CCRT) (2). Although 
LD-SCLC is considered a curative disease and shows 
extremely high sensitivity to definitive CCRT (3), responses 
are transient, showing a median overall survival (OS) of 
approximately 2 years because of early recurrence (4).

Owing to the deleterious outcomes of LD-SCLC when 
it relapses in a systemic manner, investigations have been 
conducted to detect early recurrence in advance of radiological 
progression using non-invasive approaches. Representatively, 
the somatic variant using a frequently mutated gene in SCLC, 
TP53 were detected in 35.7% of circulating tumor DNA 

(ctDNA) samples from patients with early-stage SCLC (5).  
Studying longitudinally collected blood samples from 
patients with SCLC patients, the panel composed with a 
panel of 14 frequently altered genes in SCLC detect disease-
associated mutation in 85% of population. Using this panel, 
disease recurrence was identified before radiological tumor 
progression, based on increased mutational abundances 
in the follow-up samples (6). Moreover, the ctDNA levels 
(measured as genomic equivalents) were prognostic in that 
the subset of patients with low ctDNA abundances showed 
high 1-year survival probabilities (6). With advances in 
sequencing techniques, ctDNA-based monitoring methods 
are now utilized in clinics to identify populations with a high 
risk of relapse and to support clinical decisions regarding the 
application of additional treatments in advance to confirm the 
radiological responses (7,8).

To enhance the sensitivity and utility of ctDNA-based 
monitoring methods, the clinical implications of findings 
with off-the-shelf large panels or individually bespoke 
panels are being researched for different types of early-
stage cancer (9,10). In addition, by referring to differences 
in fragment lengths between normal and tumor cell-free 
DNA (cfDNA) (11), ctDNA fragmentome-based analysis 
assisted in early detection of cancer recurrence and has 
demonstrated independent prognostic value (12).

Considering the high potential of hematogenous 
systemic spread of SCLC, it can be anticipated that 
detecting and evaluating the abundance of somatic tumors 
based on ctDNA may be helpful for predicting disease 
recurrence in LD-SCLC (13). Here, we evaluated the 
predictive value of ctDNA-based large-panel sequencing 
and fragmentome analyses using longitudinal pre-treatment 
and on-treatment samples from patients with LD-SCLC. 
We present this article in accordance with the STARD 
reporting checklist (available at https://tlcr.amegroups.com/
article/view/10.21037/tlcr-23-479/rc).

Methods

Study design and population

Sequential blood samples were prospectively collected from 
histologically confirmed treatment-naive patients with LD-
SCLC who received definitive CCRT with curative intent. 
All patients received two cycles of chemotherapy followed 
by additional two cycles of chemotherapy concurrently with 
radiotherapy. Samples were longitudinally collected at two 
different timepoints (Figure 1A). The first blood sample was 
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Figure 1 Study scheme and overall mutation profile of study population. (A) Overview of study design. (B) Boxplot presenting the average VAFs of all 
SNVs and INDELs detected in the pre-treatment samples in both the PeR and non-PeR groups. Statistical significance was estimated by performing 
the Wilcoxon rank sum exact test. (C) Boxplot presenting the average CNAs in the pre-treatment samples for both the non-PeR and PeR groups. 
(D) The genomic variant landscape of the entire study population. Variants found in each pre-treatment sample (columns) are presented according 
to the gene (rows) in the order of their frequencies. Clinicopathological information, including the treatment response, recurrence, RFS, death, OS, 
smoking history, and age, is indicated on top of the heatmap. The prevalences of the genomic variants are presented on the left side of the heatmap. (E) 
The prevalences of the two most frequently mutated genes (TP53 and RB1) are shown for the PeR and non-PeR groups. ctDNA, circulating-tumor 
DNA; NGS, next-generation sequencing; VAF, variant-allele frequency; PeR, persistent response; CN, copy number; RFS, relapse-free survival; OS, 
overall survival; Mon, months; Hx, history; SNV, single nucleotide variant; INDEL, insertion and deletion; CNA, copy number alteration.
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collected before treatment. The second blood sample (i.e., 
the “on-treatment” sample) was collected at the timepoint 
of the first radiological evaluation, which was after  
two cycles of chemotherapy. All patients were monitored for 
radiological disease relapse after the completion of CCRT. 
All patients signed informed consent to provide samples, 
and the study was approved by the Samsung Medical 
Center Institutional Review Board (approval number 2016-
08-052). The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013).

Blood sample collection and cfDNA extraction

Whole blood samples (8–10 mL) were collected in 
ethylenediaminetetraacetic acid (EDTA) tubes, mixed with 
Ficoll solution, and centrifuged at 1,500 ×g for 15 minutes. 
Plasma was then separated by centrifugation at 16,000 ×g 
for 10 minutes to remove cellular debris, after which 1 mL 
aliquots were prepared in Eppendorf tubes and stored at  
−80 ℃ before cfDNA extraction. This protocol was 
performed within 20 minutes of blood collection to prevent 
cfDNA degradation and the release of genomic DNA from 
the blood cells. cfDNA was isolated from 2 to 4 mL plasma 
using a cfKaptureTM Kit (MagBio Genomics, MD, USA), 
according to the manufacturer’s instructions, and quantified 
using a 2200 TapeStation System (Agilent Technologies, CA, 
USA). Peripheral blood mononuclear cells (PBMCs) were 
separated, and genomic DNA was isolated from the PBMCs 
using a QIAamp DNA Mini Kit (Qiagen, Germany).

Targeted deep sequencing and bioinformatics analysis

For the DNA sequencing part of the study, we utilized 
around 20 ng of cfDNA and 100 ng of DNA from white 
blood cells for each participant to prepare the sequencing 
libraries, using the IMBdx next-generation sequencing (NGS) 
DNA Library Preparation Kit. Target enrichment was 
carried out using the AlphaLiquid® 100 target capture panel, 
which focuses on 106 genes related to cancer, at IMBdx, Inc. 
in Seoul (Tables S1,S2). Sequencing was performed on the 
Illumina NextSeq 550 system (Illumina, Inc., San Diego, 
CA, USA) in a paired-end mode with 150 bp reads. We 
aligned the sequencing data to the human reference genome 
using the Burrows-Wheeler Aligner’s “mem” algorithm (14). 
Reads matching the targeted regions of the AlphaLiquid® 
100 panel were processed and collapsed using Genecore (15). 
Variant identification was done using VarDict, followed by 
IMBdx’s proprietary filters (16). The final list of variants was 

annotated for functional effects and database tagging using 
tools like SnpEff (17), SnpSift (18), and VEP (19).

Fragmentome analysis

For fragmentome analysis, read pairs with a mapping quality 
score of ≥30 were extracted using Samtools. For each patient, 
the fragment lengths were calculated as the distance between 
both ends of read pairs spanning patient-specific somatic 
mutations. Where applicable, read pairs were subdivided into 
those containing the mutated allele or the wild-type allele. 
To quantify the potency of the cancer signals, the length 
distributions were divided according to three metrics: the 
proportion of fragments in the P1 (100–155 bp) range, the 
proportion in P2 (160–180 bp), and the ratio between both 
proportions (P1/P2). Tumor-driven fragments were expected 
to be more abundant in P1 than in P2 (20,21).

Clinical sub-classification and statistical analysis

The patients were classified into two groups based on the 
duration of recurrence-free survival (RFS). RFS was defined 
as the time from the date of initial treatment to the date of 
radiologically confirmed disease progression (for those with 
progressive disease) or the last follow-up date (for those 
without disease progression). Patients who demonstrated an 
RFS of ≥12 months were assigned to the persistent-response 
(PeR) group, and the remaining patients were assigned to the 
non-PeR group. OS was defined as the time from the date 
of initial treatment to the last follow-up date or the date of 
death. Cox proportional-hazard models were used to evaluate 
the hazard ratio (HR) and statistical significance between the 
groups. Kaplan-Meier curves were used to portray survival 
differences. Receiver operating characteristic (ROC) curves 
were drawn to evaluate the predictive values of variables 
using multiple ROC (https://github.com/cardiomoon/
multipleROC), and optimal cut-off values were calculated to 
predict the non-PeR group. Statistical analysis was conducted 
using R, version 4.03 (http://www.r-project.org). P values 
<0.05 were considered statistically significant.

Results

Baseline demographics and sample description

Beginning in February 2017, 100 samples were acquired 
from 50 patients with LD-SCLC at two different time 
points (pre-treatment and on-treatment) and were used 

https://cdn.amegroups.cn/static/public/TLCR-23-479-Supplementary.pdf
https://github.com/cardiomoon/multipleROC
https://github.com/cardiomoon/multipleROC
http://www.r-project.org
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for analysis (Figure 1A, Table 1). All patients received two 
cycles of etoposide and carboplatin (EC) followed by two 
additional cycles of EC concurrently with radiotherapy. 
The median time interval between sample acquisition was 
47 days (range, 31–118 days). The median age of the study 
population was 68 years (range, 52–83 years). Among the 
study population, 88% of the patients were either current 
or past smokers and the rest remaining 12% of patients 
were non-smokers. The median follow-up duration was 
20.1 months [95% confidence interval (CI): 13.9–24.7]. 
In addition, 29 patients (58.0%) were assigned to the PeR 
group and 21 patients (42.0%) were assigned to the non-
PeR group, with median RFS rates of 15.1 months (95% CI: 
12.7–22.6) and 9.1 months (95% CI: 7.6–9.4), respectively.

ctDNA-detection rates and overview of sequencing results

The median amount of DNA extracted from pre-treatment 
samples was 14.83 ng/mL (range, 6.09–194.44 ng/mL) and 

that from on-treatment sample was 19.96 ng/mL (range, 
5.67–145.44 ng/mL). ctDNA was detected in all pre-
treatment samples. With the on-treatment sample, ctDNA 
was detected in 26 patients (52.0%), including 16 patients 
(55.2%) in the PeR group and 10 patients (47.6%) in the non-
PeR group. Among the samples with detectable ctDNA, the 
median cfDNA levels (ng/mL) were 4.93 (range, 2.53–64.81) 
and 6.23 (range, 2.03–47.09) in pre-treatment samples from 
the PeR and non-PeR groups, respectively, and 4.00 (range, 
2.53–64.81) and 7.66 (range, 3.21–28.88) in post-treatment 
samples from the PeR and non-PeR groups, respectively. 

In terms of the mutation landscape of the pre-treatment 
samples, the mean variant-allele frequencies (VAFs) of single-
nucleotide variants (SNVs) and insertions and deletions 
(INDELs) were 9.76% (range, 0.97–69.58%) and 16.31% 
(range, 1.10–43.94%) in the PeR and non-PeR groups, 
respectively (Figure 1B). The most frequently altered genes 
were TP53 (98.0%, n=49), followed by RB1 (72.0%, n=36) and 
NOTCH1 (18.0%, n=9). Copy-number alterations (CNAs) 
were detected in 31 patients (62.0%). The mean copy numbers 
were 3.31 (range, 2.00–10.00) and 3.24 (range, 2.61–6.47) 
in the PeR and non-PeR groups, respectively (Figure 1C). 
Amplifications were frequently detected in SMAD4 (20.0%, 
n=10), PIK3CA (18.0%, n=9), and BRCA1 (18.0%, n=9).

A detailed depiction of the mutation landscape is shown 
in Figure 1D. The difference in fraction of TP53 and RB1 
mutations between pre- and post-treatment were higher in 
the PeR samples than in the non-PeR samples (Figure 1E).

Fragmentome landscape 

The fragment sizes were evaluated using pre-treatment 
(n=50) and on-treatment (n=26) samples with detectable 
ctDNA. The distributions of fragments between 0 to 300 bp  
were analyzed with fragments harboring either mutant 
alleles or wild-type alleles (Figure 2A). The median size 
of the fragments with mutant alleles was 149 bp, whereas 
that of fragments with wild-type alleles was 169 bp. A 
statistically significant difference was found in the fragment-
size distributions of both groups (P=0.019, as determined 
by performing a two-sample Kolmogorov-Smirnov test). 
No significant differences were found between the P1 
proportion (P=0.452), P2 proportion (P=0.551), and 
fragmentation ratio (P1/P2) (P=0.587) in the pre-treatment 
samples, among patients in the non-PeR and PeR groups 
(Figure 2B). In contrast, the on-treatments sample showed 
higher P1 proportions (P=0.004) and fragmentation ratios 
(P<0.001) in the non-PeR group than in the PeR group. 

Table 1 Baseline characteristics

Variables Patients (n=50)

Age (years)

Median [range] 68 [52–83]

Sex, n (%)

Male 41 (82.0)

Female 9 (18.0)

Initial stage at diagnosis, n (%)

Limited disease 50 (100.0)

Smoking history, n (%)

Current/previous smoker 44 (88.0)

Never smoker 6 (12.0)

ECOG PS, n (%)

0 4 (8.0)

1 43 (86.0)

2 3 (6.0)

Previous treatment, n (%)

Etoposide & platinum with concurrent 
chemoradiotherapy

42 (84.0)

Clinical trials (with maintenance 
immunotherapy to standard treatment)

8 (16.0)

ECOG PS, Eastern Cooperative Oncology Group performance 
score.
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Figure 2 Distribution of cfDNA fragments. (A) Distributions of the sizes of cfDNA fragments containing somatic mutations or wild-type alleles, 
for both pre-treatment and on-treatment samples. The fragment-size distributions are displayed separately for all reads (black), reads harboring 
mutant alleles (red color), and reads containing wild-type alleles (blue color). The left gray box spans the length from 100 bp to 155 bp (referred 
to as the ‘P1’ range) and the right gray box covers the length from 160 to 180 bp (referred to as the ‘P2’ range). (B) The upper panels present 
differences in the fraction of fragments in P1 (left), the fraction in P2 (middle), and the fragmentation ratio (right) between the PeR and non-
PeR group in the pre-treatment samples. Similarly, the lower panels present differences in on-treatment samples, according to the clinical 
outcomes. Statistical significance was assessed by performing the Wilcoxon rank sum exact test. (C) Fragmentation ratios were plotted according 
to the clonality groups for pre-treatment samples (left) and on-treatment samples (right). Statistical significance was calculated by performing the 
Wilcoxon rank sum exact test. (D) The upper panels display the relationship between the maximum VAF per sample (a substitute for quantifying 
clonality) and the fraction of fragments in P1 (left), the fraction in P2 (middle), and the fragmentation ratio (right) in the pre-treatment samples. 
The blue line indicates the linear trend. Spearman’s correlation coefficient was calculated for each plot. Similarly, the lower panels display the same 
relationships for the on-treatment samples. **, P<0.01; ***, P<0.001. ALT, alteration; REF, reference; NS, not significant; PeR, persistent response; 
VAF, variant allele frequency; cfDNA, cell-free DNA; MAX, maximum.
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However, no difference was found in the P2 proportions 
between the groups (P=0.060).

To evaluate correlations between ctDNA VAFs and 
clonality, we used the maximum VAF value from each 
patient to calculate the clonality and categorized the 
patients as having very low clonality, low clonality, or high 
clonality. With the pre-treatment samples, the distribution 
of the fragmentation ratio was higher in patients with 
high clonality than in patients with low (P=0.004) or very 
low clonality (P<0.001) (Figure 2C, left). A similar trend 
was observed in the on-treatment samples, although 
statistical power was not achieved because of the limited 
number of samples in the high-clonality group (Figure 2C, 
right). Regarding the associations between fragmentation 
metrics and the maximum VAF found with pre-treatment 
samples, Spearman’s rho values of 0.82, −0.78, and 0.82 
were observed for the P1 proportion, P2 proportion, and 
fragmentation ratio, respectively (Figure 2D). The on-
treatment samples showed Spearman’s rho values of 0.45, 
−0.36, and 0.52 for the P1 proportion, P2 proportion, and 
fragmentation ratio, respectively.

Changes in the fragment distributions in the pre-
treatment and on-treatment samples (n=26) were analyzed 
in a paired manner. After treatment, significant decreases in 
the P1 proportion (P<0.001) and fragment ratio (P<0.001) 
and a significant increase in the P2 proportion (P=0.009) 
were observed in the PeR group (n=16) (Figure S1A-S1C). 
Once again, the decrease in the P1 proportion of the PeR 
group showed a more significant fold-change than the P1 
proportion of non-PeR group (P=0.036) which has not 
observed in P2 or fragment ratio (Figure S1D-S1F).

Analysis using genes of interest and determining their 
predictive values for survival 

We evaluated the predictive values of the TP53 and RB1 
genes, which were most frequently mutated in SCLC  
(Figure 3A). The VAFs of both TP53 (P<0.001) and RB1 
(P<0.001) significantly decreased after treatment (Figure 3B). 
Analyzing the TP53 mutation status in the on-treatment 
samples revealed significant difference in the median RFS 
between patients with TP53 mutations and wild-type 
TP53 (11.2 months vs. not reached, respectively, P=0.05)  
(Figure 3C). Patients with RB1 mutations in their on-
treatment samples also showed a significantly shorter 
median RFS than patients with wild-type RB1 (8.9 months 
vs. not reached, P=0.0014) (Figure 3D). Exploratory analysis 
showed that patients with detectable RB1 mutations in their 

on-treatment samples had significantly shorter OS time 
(P=0.0018), whereas TP53 mutations showed shorter but 
not significant OS difference (P=0.083) (Figure S2).

Fragmentome analysis and correlations with survival 

ROC analysis was conducted using the on-treatment samples 
with detectable mutations (n=26) to assess the utility of 
fragmentome analysis in distinguishing between patients 
in the PeR and non-PeR groups. Using the pre-treatment 
samples, the area under the curve (AUC) values for the P1 
proportion, P2 proportion, and fragmentation ratio were 
0.569, 0.594, and 0.575, respectively (Figure S3A). The on-
treatment sample showed comparably higher AUC values 
with respect to the P1 proportion (0.850), P2 proportion 
(0.725), and fragmentation ratio (0.900) (Figure 4A).

Using the on-treatment samples, survival rates were 
compared using an optimal cut-off based on the ROC 
analysis. Analysis using optimal cut-off values for P1 
(P=0.041) and P2 (P=0.031) demonstrated statistically 
significant differences in the RFS (Figure 4B,4C). Patients 
with a low fragmentation ratio (n=11) showed a longer 
RFS than patients with a high fragmentation ratio (n=15) 
(25.2 vs. 7.9 months, P=0.031) (Figure 4D). Combining the 
fragmentation ratio status with the RB1 mutation status 
revealed an enhanced survival benefit in the ctDNA-based 
low-risk group with wild-type RB1 and a low fragmentation 
ratio (n=10), as the median RFS was not achieved during 
a median follow-up duration of 20.1 months. This group 
comprised ten patients with a PeR (100%) and 0 patients 
with a non-PeR (0%). In contrast, the shortest median 
RFS (5.0 months) was observed in the ctDNA-based high-
risk group with mutant RB1 and a high fragmentation 
ratio (n=10). This group comprised one patient with a PeR 
(10.0%) and nine patients with a non-PeR (90.0%). The 
HR between the ctDNA-based high- and low-risk groups 
was 7.55 (95% CI: 2.14–26.6, P=0.002) (Figure 4E).

Using pre-treatment samples, the low- and high-risk 
groups showed no significant differences in the median RFS 
but not OS, based on the optimal cut-off, with respect to 
the P1 proportion (P=0.86), P2 proportion (P=0.43), and 
fragmentation ratio (P=0.71) (Figure S3B-S3G).

Discussion

In this study, we determined the value of analyzing ctDNA 
samples (collected before and during treatment) for 
predicting early disease recurrence in patients with LD-

https://cdn.amegroups.cn/static/public/TLCR-23-479-Supplementary.pdf
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Figure 3 Analysis based on mutation profile of TP53 and RB1. (A) Heatmap presenting the VAFs of variants in the TP53 and RB1 genes in 
the pre-treatment and on-treatment samples. The VAF range is represented by the blue color scale. The total number of genomic variants 
detected with our NGS panel in each sample (pre-treatment samples: orange color scale; on-treatment samples: green color scale) are 
annotated on the top of the heatmap. (B) VAF changes between the pre-treatment and corresponding on-treatment samples were plotted 
for TP53 (left) and RB1 (right). The absence of a variant (WT allele) is indicated as a 0% VAF. Statistical significance was calculated by 
performing a two-sided, paired t-test. (C,D) Kaplan-Meier curve showing the RFS according to the TP53 mutation status (C) and RB1 
mutation status (D) in the on-treatment samples. Statistical significance was calculated by performing the log-rank test. VAF, variant allele 
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SCLC. We analyzed blood-derived cfDNA samples using 
an off-the-shelf NGS panel for a relatively large set of 
cancer-related gene (n=106), owing to the very limited 

access to longitudinal tumor tissue samples in patients with 
SCLC. Although our study population consisted of patients 
with LD-SCLC, ctDNA was detectable in all pre-treatment 
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samples and in 52.0% of the on-treatment samples, showing 
an overall detection rate of 76.0%. Our detection sensitivity 
was similar to that of a previous report (85%), which was 
based on assaying for mutations in 14 genes, but included 
a high proportion of samples from patients with extensive 
disease (59%) (6). Based on the assumption that the 
clearance of pre-identified mutations during the treatment 
period might be related to the degree of treatment efficacy, 
we evaluated long-term clinical responses based on 
mutations in two major mutations, TP53 and RB1, which 
were detected in 98% and 72% of the patients, respectively. 
Although our on-treatment samples were collected only 
after two cycles of chemotherapy, the mutation-detection 
rates of TP53 and RB1 had decreased to 30% and 22%, 
respectively. Surprisingly, early disease recurrence was 
observed in patients with persistent mutations identified in 
their samples even before completing the entire course of 
CCRT treatment. As mounting data support the correlation 
of minimal residual disease (MRD) identified by somatic 
alterations after curative treatment and disease relapse (22), 
our results were somewhat unique in that they showed a 
correlation between MRD during the early treatment phase 
and the time to recurrence.

Because some types of tumors only harbor a limited 
number of hotspot mutations, detecting residual disease 
or evaluating the depth of clinical responses using a pre-
designed customized sequencing panel is challenging. In 
addition, it is difficult to construct large gene sets that 
can be used as a universal definition for MRD. Bypassing 
the issues associated with individual gene-based MRD 
concepts, emerging approaches using the ctDNA-fragment 
length have been investigated for enhancing the ctDNA-
detection rate and evaluating the MRD. Similar to a 
previous observation that the fragment lengths of ctDNAs 
harboring mutant alleles (132–145 bp) were shorter than 
those harboring wild-type alleles (165 bp) (11,20), we found 
that the median length of ctDNA fragments with genomic 
alterations was 149 bp and that of ctDNA fragments 
harboring wild-type alleles was 169 bp (Figure 2A). A clear 
difference between the P1 proportion (which most likely 
represents ctDNA-derived fragments) was observed based 
on long-term clinical outcomes in on-treatment samples, 
not in pre-treatment samples, which also supports the 
predictive value of fragmentome analysis. The finding was 
more prominent when the P1:P2 ratio was high, which 
corresponds to a high proportion of fragments with mutant 
alleles and a low proportion of fragments with wild-type 
allele (Figure 4A). In addition, our binary analysis using 

the optimal ROC cut-offs for P1, P2, and the P1:P2 ratio 
demonstrated significant differences in the RFS interval 
(P=0.041, 0.031, 0.031, respectively, Figure 4B-4D). Based 
on the genomic characteristics of SCLC, combining the 
RB1 mutation status with the P1:P2 fragment ratio can 
assist in identifying PeR patients and early treatment failure 
(P=0.002) (Figure 4E,4F).

In our study, we used a customized NGS panel for 
106 genes of similar size that are used for ctDNA-based 
sequencing with other commercially available products. 
As an exploratory approach, we tried to conduct survival 
analyses based on the number mutations identified from the 
on-treatment samples, but the data were limited because 
only 8 out of 50 patients harbored ≥4 mutations, and only 
two patients had ≥5 mutations. Although a sufficient number 
of mutations was observed in the pre-treatment samples, 
survival analyses based on cut-offs of ≥4 mutations (n=33) or 
≥5 mutations (n=22) showed no survival differences for the 
low-mutation group (data not shown). This finding suggests 
a limitation in defining MRD using a somatic mutation-based 
approach, as it could under detect the MRD because of the 
composition of the genes in a given panel or the frequencies 
of different somatic mutations in different types of cancer 
(Table S3). Nevertheless, this finding supports and suggests 
the opportunity for evaluating the presence and abundance 
of ctDNA, considering that the approach could be more 
sensitive than evaluating specific somatic alterations.

Regarding ctDNA-based analysis, determining how to best 
handle the clinical outcomes of patients with no detectable 
ctDNA was challenging. Our results only showed RFS 
differences for patients who had sufficient ctDNA for analysis 
in their on-treatment samples (n=26). We hypothesize that 
the remaining patients (n=24) with undetectable ctDNA 
in their on-treatment samples could be considered as 
patients who did not shed DNA from their tumors, due to a 
prominent clinical response. However, comparing the survival 
of that group with that of patients with detectable ctDNA 
revealed no difference in the RFS (P=0.51) (Figure S4A).  
In contrast, after dividing the ctDNA-positive patients based 
on their P1:P2 ratios, our analysis showed that the RFS of the 
low-ratio group was similar to that of the ctDNA-negative 
group, whereas patients in the high-ratio group showed 
a significantly shorter RFS (P=0.033) (Figure S4B). This 
observation indicates that both the abundance of ctDNA 
fragments and the presence of ctDNA identified with the 
sequencing panel were useful for relapse prediction.

Since we selected a single time point during treatment 
for ctDNA analysis, our results are limited in terms of 
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predicting the concordance with radiological changes. In 
addition, analyzing ctDNA acquired at the time of treatment 
completion could be more effective than our approach of 
studying mid-treatment samples; thus, further investigation 
is needed. Lastly, due to an unidentified confounding effect 
between mutation analysis from genetic ctDNA and the 
burden of tumor DNA fragment, there could be a possibility 
that benefit of combining the two modalities might have little 
benefit than our assumption. However, to our knowledge, 
this study represents the one of early research outcome 
evaluating disease recurrence based on ctDNA analysis for 
patients with LD-SCLC. In addition, this study adds value 
to explore the predictive value of fragmentome analysis in 
terms of disease recurrence with solid tumors which has 
limited research outcome. The number of analytical tools 
for fragmentome analysis is increasing. Thus, the utility of 
fragmentome analysis has expanded from cancer screening to 
identifying the cancer type, based on distinct transcriptional 
characteristics, fragment coverage, and transcription factor-
binding sites, using cell-free, whole-genome sequencing (12). 
Considering the aggressive clinical features of LD-SCLC, 
with disease recurrence eventually occurring in up to 70% of 
such patients, our approach could support the development of 
further treatment strategies. For example, our analysis could 
highlight the necessity for additional consolidation therapy, 
including prophylactic cranial irradiation or immunotherapy, 
or serve as a basis for developing and adopting similar 
approaches for other types of solid tumors (8,23).

Conclusions

In conclusion, the results of our study demonstrated the 
feasibility and preliminary outcomes of predicting disease 
recurrence using somatic variations and ctDNA fragments 
captured from a customized ctDNA-based panel for patients 
with LD-SCLC. Further investigation using samples from 
different longitudinal timepoints and correlations with 
radiological features is ongoing to expand this concept to 
both LD-SCLC and extended-stage SCLC.
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