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ABSTRACT 
 
 
 

Monitoring of Circulating Tumor DNA in Serially 
Collected Plasma in Gastric Cancer Patients 

 
 

Circulating tumor DNA (ctDNA) has emerged as a candidate biomarker for 

cancer screening. However, the studies on the usefulness of ctDNA for 

post-operative recurrence monitoring are limited. The present study monitored 

ctDNA in post-operative blood, employing cancer-specific rearrangements. 

Personalized cancer-specific rearrangements in 25 gastric cancers were analyzed by 

whole-genome sequencing (WGS) and were employed for ctDNA monitoring with 

blood until 12 month after surgery. Personalized cancer-specific rearrangements 

were identified in 19 cases. The median lead time, which is the median duration 

between ctDNA-positive detection and recurrence, was 4.05 months. Post-operative 

ctDNA prior to clinical recurrence was significantly correlated with cancer 

recurrence within 12 months of surgery (P = 0.029), in contrast to the finding of no 

correlation for pre-operative ctDNA, suggesting the clinical usefulness of 

post-operative ctDNA monitoring for cancer recurrence in gastric cancer patients 

However, the clinical application of ctDNA can be limited by the presence of ctDNA 

non-shedders (42.1%, 8/19) and by inconsistent post-operative ctDNA positivity. 
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1. Introduction  

1.1 Gastric cancer recurrence 

Gastric cancer is one of the most commonly diagnosed and deadly cancers 

in the world (Rawla and Barsouk 2019). In 2018, the incidence of gastric cancer 

ranked fifth and mortality ranked third for all cancers, and all ages in worldwide 

(Figure 1). Curative surgical resection is the most effective treatment for gastric 

cancer (Shin et al. 2016). However, patients who have undergone surgical 

resection could experience recurrence, especially within 2 years. Recurrence of 

gastric cancer has a great effect on mortality. The recurrence rates of gastric 

cancer after curative surgical resection are various according to tumor size, stage 

of disease, and lymphatic invasion (Liu et al. 2016, Jung et al. 2014, Norio 

Shiraishi 2000). Early or timely detection of gastric cancer recurrence can help 

reduce incidences of cancer-related deaths (Hamashima et al. 2013) 

Figure 1. Cancer incidence and mortality in worldwide, Globocan 2018. 

A. Cancer incidence for all cancers, and all ages in worldwide. B. Cancer 

mortality for all cancers, and all ages in worldwide. 
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For detection of gastric cancer recurrence, computed tomography (CT), and 

positron emission tomography (PET) usually are used (Hallinan and Venkatesh 

2013). However, those methods depend on morphological changes, and thus, 

those accuracy is poor. The most frequent recurrence patterns in early gastric 

cancer after surgery are peritoneal seeding and remnant tumors from surgical 

resection. But they are difficult to diagnosis with CT (Hamakawa et al. 2015, 

Choi et al. 2016).  

Recently, liquid biopsy has been widely used in clinical monitoring for cancer 

diagnosis owing to various advantages, such as non-invasiveness, potential 

rapidity and precision. Liquid biopsy utilizes circulating tumor DNA (ctDNA), 

circulating tumor cells (CTCs), samples derived from blood, urine, saliva, 

cerebrospinal fluid (CSF) and the like (Bai and Zhao 2018, Siravegna et al. 2017). 

The present dissertation was designed for detection of ctDNA in gastric cancer 

patients after curative surgical resection.  

 

1.2 Emerging role of circulating tumor DNA 

Circulating tumor DNA (ctDNA) is a fragment of genetic material shed from 

necrotic or apoptotic tumor cells, introduced thereby into systemic circulation, 

and found in the cell-free component of blood (Figure 2) (Bettegowda et al. 2014, 

Dawson, Rosenfeld, and Caldas 2013, Diehl et al. 2008). ctDNA contains tumor 

genetic alteration sequences such as point mutation or rearrangements. 
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Rearrangements include deletions, insertions, translocations, and others (Lars 

Feuk 2006). 

ctDNA has emerged as a candidate biomarker for screening of cancer patients, 

for monitoring of cancer recurrence, and for determining somatic mutations in 

cancer patients (Sung et al. 2017, Park, Cho, et al. 2018, Cohen et al. 2018). 

There are many techniques to detect alteration from ctDNA, among which are 

polymerase chain reaction (PCR)-based assays, and next generation sequencing 

(NGS)-based assays (Bettegowda et al. 2014).  

 ctDNA s high fragmentation state and low amounts makes it difficult to 

detect or analysis accurately (Vendrell et al. 2017). In order to remedy this 

problem, this dissertation employed cancer-specific rearrangements to enhance 

the sensitivity and specificity of ctDNA monitoring for cancer recurrence. 

 

Figure 2. Circulating cell-free DNA (cfDNA) and circulating tumor DNA 
(ctDNA) are found in serum and plasma fractions from blood. The 
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mechanism of ctDNA release is unknown, though apoptosis, necrosis, and active 

shedding from tumor cells have been hypothesized. Once ctDNA is isolated, it 

can be quantitated and analyzed for genomic alterations (Hahn et al. 2019) 

 

1.3 Next generation sequencing 

Next generation sequencing (NGS), also known as high-throughput 

sequencing, can determine the sequences of large numbers of DNA variation, in 

the thousands or millions at once (Figure 3) (Kwon 2012). AS such it offers 

much greater sensitivity and accuracy than can the Sanger sequencing techniques 

(Simona Serratì 2016). The clinical application of NGS has rapidly evolved, and 

widened, from diagnostics to prognostics (Kamps et al. 2017). Especially, NGS is 

actively employed in the field of cancer research for discovery of biomarkers that 

can be utilized as targets in personalized therapies (Basho 2015). 

Whole genome sequencing (WGS), using NGS techniques, can be used to 

obtain information on the entire genome, including the intron and exome regions. 

WGS offers high resolution genetic alterations, and comprehensive evaluation of 

cancer genomics (Horak, Frohling, and Glimm 2016). With these features, WGS 

is predominantly applied for detection of genetic alterations in cancer (Nakagawa 

and Fujita 2018). The present dissertation employed WGS to analyze samples  

cancer-specific rearrangements, especially translocations, in order to employ 

them as markers for detection of ctDNA in blood. 
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Figure 3. Overview of a Potential Next-Generation Sequencing Work Flow 
(Basho 2015).  
 

1.4 Laser capture microdissection  

Laser capture microdissection (LCM) is used to accurately separate specific 

cells of interest from tumor, stromal and normal tissue within a single biopsy 

specimen. Thereby, it is possible to obtain specific tumor enrichment cells  (S 

Curran 2000, Virginia Espina 2006) (Figure 4). Such enrichment cells are well 

suited for genomic analysis (De Marchi et al. 2016). 

In the analysis of cancer tissues containing low percentage of cancer cells, 

obtaining rearrangement information is may not be easy. Due to the fact that 

non-rearranged sequences outnumber rearranged ones. By enrichment of cancer 

cells and utilization of the resultantly enriched rearranged sequences, the chance 

of detection of rearrangements is enhanced. This dissertation employed LCM to 

increase the accuracy of WGS and to obtain specific tumor enrichment cells 

thereby.  
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Figure 4. High-throughput LCM-proteomics platform for ultrasensitive 
analysis. Schematic of the LCM proteomics workflow (Clair et al. 2016). 

 

1.5 Quantitative PCR  

Quantitative polymerase chain reaction (qPCR), also known real-time PCR, 

is a method that can quantify target DNA by amplification (Dhanasekaran et al. 

2010). qPCR is used to measure the emitted fluorescence of targeted DNA during 
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a PCR. In general, traditional PCR detects only the presence or absence of target 

products at the end point. qPCR, by contrast, detects the amounts of PCR 

products in the exponential growth phase. Thus using qPCR, with its high 

technical sensitivity (<5 copies) and a high precision (<2% standard deviation) 

(Klein 2002). Both absolute quantification and relative quantification of target 

genes are possible. As absolute quantification can determine the absolute copy 

number of targets (Jie FU 2009). qPCR is applied for diagnosis of infectious 

disease, cancers and others (Espy et al. 2006). In the present dissertation, qPCR 

was employed for quantitation of the total amount of ctDNA in plasma. 

 

2. Purpose of This Study 

The aims of this study were 1) to conduct a feasibility test for detection of 

low-level post-operative ctDNA in serially collected blood samples in early 

phases of clinical recurrence in gastric cancer patients who had undergone 

surgical resection of primary tumor, and 2) to evaluate the usefulness of 

post-operative ctDNA for monitoring of cancer recurrence. 
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3. Materials and Methods 

3.1 Study design 

This study retrospectively and preferentially selected 25 recurrent cases 

whose frozen primary tumor samples as well as serial plasma samples obtained 

up to 12 months after curative surgical resection were both available. 2 cases 

already had peritoneal metastasis and found after surgery. 19 cases had 

recurrence and 4 cases had not a recurrence after surgical resection within 12 

month. DNAs were prepared after laser-capture microdissection (LCM). 

Rearranged sequences were analyzed from WGS, and were confirmed 19 cases 

by PCR sequencing. The presence of ctDNA was monitored by PCR 

amplification of personalized cancer-specific rearranged sequences in serially 

collected plasma samples (Figure 5). . 
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Figure 5. Study Scheme  
A. Cases utilized in present study. B. Methodological procedure of present study. 
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3.2 Patients sample collection 

Plasma samples were prepared from whole blood on pre-operative day and at 

post-operative 1, 3, 6, 9, and 12 months after surgical resection of primary cancer. 

Fresh-frozen paired tumor and normal tissues were obtained from the Tissue 

Bank of the National Cancer Center, Korea. All of the patients had been 

diagnosed as gastric cancer stage II, III or IV according to the seventh edition of 

the AJCC TNM-staging system, and their clinical information is summarized in 

Tables 1 and 2. The use of plasma and tissue samples for the present study was 

approved by the Institutional Review Board of the National Cancer Center, Korea 

(NCC2014-0025), and all methods were performed in accordance with the 

relevant guidelines and regulations. The informed consents for all participants in 

the present study were obtained from our previous study (NCCTS-04-105) for 

plasma and from the Tissue Bank for frozen tissues, and waived for the present 

study.  

 

3.3 Laser-capture microdissection (LCM) from fresh-frozen 

samples 

A pathologist confirmed the gastric cancer cells for each sample and 

demarcated the tumor areas on Hematoxylin and Eosin (H&E)-stained slides. To 

obtain samples consisting of 70% or more tumor cells, tumor areas were 

dissected using a laser-capture microdissection (LCM) instrument (Ion LMD, 

Jungwoo F&B, Korea). The dissected tumor fragments were incubated in 1 M 
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sodium thiocyanate overnight. Subsequently, DNA was isolated using the 

QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany). The fresh-frozen 

tissues were used also for paired normal gastric tissue DNA preparation after 

confirmation on H&E stained slides by a pathologist. 

 

3.4 Library preparation and WGS 

Preparation of sequencing libraries using the TruSeq Nano DNA Sample 

Preparation Kit (Illumina, San Diego, CA, USA) and 150-bp paired-end 

sequencing by Illumina HiSeqX Ten with 30X average read depth were 

performed at Macrogen (Korea). 

 

3.5 Analysis of rearranged sequences in WGS data 

From the raw sequence data (FASTQ file), SAM files were prepared by the 

Burrows-Wheeler Aligner (BWA) (http://bio-bwa.sourceforge.net) using the 

UCSC Human Reference Genome hg19. BAM files were generated with 

SAMtools (http://samtools.sourceforge.net/). Quality control with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was performed by 

trimming data with a sequence quality score less than 30. The trimmed BAM file 

was sorted with SAMtools according to the leftmost coordinates, and was 

indexed with SAMtools. The whole-genome data are summarized in Table 3. 

Structural inter- and intra-chromosomal rearrangements were detected with 

Manta (Chen, Schulz-Trieglaff, et al. 2016) in the tumor-normal analysis mode. 
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The analyzed structural rearrangements were then visualized with the Integrative 

Genomics Viewer (http://software.broadinstitute.org/software/igv/), after which 

the rearranged sequences were constructed based on the whole-genome 

information for rearrangements. Comparing the tumor and matched normal 

translocation results, the regions shown on both were excluded. The rearranged 

sites from the WGS are summarized in Table 4. 

 

3.6 Confirmation of selected rearrangements in cancer DNA 

For amplification of the rearranged sequences, PCR primers were designed 

with Primer3. PCR primers for longer rearranged sequences (200-1,000 bp) were 

designed for candidate rearranged sites from the WGS data (marked as long PCR 

in Table 5). After the amplification of the DNAs from the paired tumor and 

normal samples, the rearranged sequences were confirmed by Sanger sequencing 

of the amplified tumor-specific PCR products. After exclusion of non-specific 

amplifications, PCR primers for shorter rearranged sequences at confirmed 

rearranged sites were designed again (marked as short PCR in Table 5), and 

specific rearranged sequences were confirmed again by PCR with short primers 

and by Sanger sequencing by employing DNAs from the paired tumor and 

normal samples. PCR was performed for each sequence under the following 

conditions: initial incubation at 95°C for 10 min, followed by 45 cycles of 30 s at 

95°C, 30 s at annealing temperature for each primer pairs, and 30s at 72°C in a 

mixture containing 1X PCR buffer II (Roche, Mannheim, Germany) with 1.5 
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mM MgCl2, 0.2 mM dNTPs, 10 pmol of each primer, and of 10 ng of genomic 

were made for specific amplification as indicated in Table 3. For the 

amplification controls, GAPDH primers (Table 5) were used. The amplified 

products were purified using the AxyPrep PCR Clean up kit (Axygen, Union City, 

CA) to remove leftover primers, and were then sequenced with forward or 

reverse primers used in the PCR reaction (Tables 5). 

 

3.7 Detection of rearranged sequences in plasma cell-free DNA 

Cell-free DNA (cfDNA) from plasma was prepared using the QIAamp 

circulating nucleic acid kit (Qiagen, Hilden, Germany) according to the 

instruction manual, with an input plasma volume of 1 ml and an elution volume 

of 30 l. PCR was performed under the same conditions as above, except that 2 

l of eluted cfDNA was used for each PCR reaction. The PCR product amplified 

from cfDNA for each sample was used for confirmation by Sanger sequencing. 

To monitor the ctDNA levels in plasma, all available remnant plasma from 

the post-operative ctDNA-positive cases (GC4, GC8, GC9, GC14, GC15, GC17 

and GC22) and plasmas from several selected post-operative ctDNA-negative 

cases (GC12, GC18, GC31, GC32, GC33 and GC34) was employed for the 

quantitative PCR. Quantitative PCR was performed at a one site for each sample, 

and the primer sequences were as indicated in Table 6. Quantitative PCR was 

carried out according to the manufacturer's protocol from FastStart Essential 
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DNA Probes Master (Roche) by the LightCycler® 96 Real-Time PCR System 

(Roche) in a 25 µL reaction mixture constituted of 10 µL 2x FastStart Essential 

DNA Probes Master mix, 10µL template DNA (out of a total of 

cfDNA from 1 ml plasma), and primers (10 pmole each). To confirm the ctDNA 

negativity in pre-operative ctDNA negative cases (GC1, GC6, GC10, and GC12) 

by quantitative PCR, the 25 µL cfDNA (equivalent to 833 µL plasma) and 5 µL 

cfDNA (equivalent to 167 µL plasma) were employed for rearranged sequences 

and for the reference gene, GAPDH, respectively 

 

3.8 Statistical analysis 

In the analysis of pre-operative ctDNA positivity and clinical factors 

including T stage, N stage, clinical stage, and Lauren classification, 

exact test was used. In the analysis of the correlation between post-operative 

ctDNA positivity and clinical recurrence,  was also used with 

the consideration of post-operative ctDNA as positive 1) when any 

cancer-specific rearranged sequence was detected in any post-operative plasma 

sample within 12 months after surgery or 2) when ctDNA-positive cases detected 

only prior to clinical recurrence.  
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Table 2. Clinical information for gastric cancer patients accrued in the 
present study 

ID Lauren Histology* Recurrent sites Adjuvant 
Chemotherapy 

GC1 Intestinal Mod Celiac axis LN No 

GC4 Intestinal Poor + Mucin Pancreas, Aorto-caval LN Yes 

GC6 Intestinal Mod + Mucin GJ Anastomosis , peritoneum, pleural No 

GC7 Intestinal Mod Duodenal stump, Porto-caval LN  No 

GC8 Intestinal Poor + Mucin Peritoneum Yes (palliative) 

GC9   GIST Liver, peritoneum No 

GC10 Intestinal Mod + Neuro Liver No 

GC11 Intestinal Mod Liver No 

GC12 Diffuse Poor Abdominal wall, mesentery No 

GC14 Intestinal Poor Aortico-caval and porto-caval LN Yes 

GC15 Diffuse Poor Para-aortic LN Yes 

GC17 Mixed Poor + Mod Bone, Peritoneum Yes (palliative) 

GC18 Diffuse Signet Colon No 

GC21 Intestinal Mucin Peritoneum Yes 

GC22 Mixed Poor 
Duodenal stump, para-arotic and thorax 

LN, peritoneum 
Yes (palliative) 

GC31 Intestinal Mod - Yes 

GC32 Diffuse Poor Gastrojejunostomy site Yes 

GC33 Intestinal Poor - Yes 

GC34 Diffuse Poor + Mucin - Yes 

GC2 Diffuse Signet Ovary No 

GC3 Intestinal Mod Peritoneum No 

GC5 Diffuse Poor LN (celiac, SMA) Peritoneum Yes 

GC13 Intestinal Mod Abdominal wall, Peritoneum No 

GC23 Intestinal Poor Liver Yes 

CG35 Diffuse Poor - Yes 

*Mod, moderate differentiated adenocarcinoma; Poor, poorly differentiated 

adenocarcinoma; Mucin, mucinous adenocarcinoma; Signet, signet ring cell carcinoma; 

GIST, gastrointestinal stromal tumor. 
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Table 6. Primer information for quantitative PCR. 

No Primer 
ID Primer sequences* 

Annealing 
temperature 

( ) 

PCR 
product 

1 GC S4-7 

F: 5'-ATGAGGCACTCCAAGCAAAG-3' 

55 107bp R: 5'-TGGGAGAGAAAGGAAGGTTTT-3' 

Probe: 5'-CAGCAGCAAGAATGCAAAAA-3' 

2 GC S8-4 

F: 5'-AGCGTTCCATCACAGAATGA-3' 

55 130bp R: 5'-CATTCCAGGCAACCAAAAAC-3' 

Probe: 5'-ACCGCCTTTGCAAAATTATG-3' 

3 GC S9-5 

F: 5'-TCCAGGTAGACGTGTCAAATAAA-3' 

55 120bp R: 5'-TCCAGGTAGACGTGTCAAATAAA-3' 

Probe: 5'-TGAAGTTCAAAACTAAGGTAAATTTGG-3' 

4 GC S12-2 

- CCCAAGTAGCTGGGAAAACA -  

55 126bp - CCTCAGATGCACGTTCCA -  

Probe: 5'-ACGACACCCGGCTAATTTTT-3' 

5 GC S14-4 

- TCTAAGTAGTTTTTACCCATCCAAA -  

52 106bp - ATGGGTCATCAAACAACTACAAAAG -  

Probe: 5'-TTGCCCAAGATCAGGATTTG-3' 

6 
GC 

SKN15-2 

- TGGCTAAGTGGAGAGAAATGG -  

55 121bp - TGGCTAAGTGGAGAGAAATGG -  

Probe: 5'-TGAGGTTTTGATATTTCACGTGA-3' 

7 GC S17-1 

- TGGTTCAGTTTCCGTATCTGT -  

55 110bp - GAAGTGGGTTCTTCTAATCAAGC -  

Probe: 5'-GATCTGAATTGTGTCATTCATTCA-3' 

8 
GC 

SKN18-2 

- GGTCTCTTTGTATATGACCTTCTCC -  

55 130bp - TCCTTCCTTCTGGCAATAGAA -  

Probe: 5'-TGGAGGTGGAGTTGTGTTCA-3' 

9 GC S22-3 

- GGGTGGAGTTGGAACGTTAG -  

55 115bp - AAAAACTGTGAGCACGGCTA -  

Probe: 5'-GGCTAGGTGAGGAGTGTTGG-3' 

10 GC31 S5 

- GCCAGTAATTGGGTATATTTTGG -  

55 127bp - TTGGGAAACTAATGCAGGAAA -  

Probe: 5'-TTCACTAAGCATGTATGTGGAAA-3' 

11 GC32 S2 

- TGGTGGCATACACCTATTGC -  

55 126bp - GAAGACAAAACCCACGGTTC -  

Probe: 5'-GTGAGAGGATTGCTTGAGCC-3' 

12 GC33 S3 

- TCAGGAGGAATTGGAGCCTA -  

55 124bp - AGCTGGAATGGGTGATAAGG -  

Probe: 5'-AGAGGATGAAGGGCGAGAAG-3' 

13 GC34 S2 

- TCGACCTACTGCATGTCCTTT -  

55 104bp - TGACAAAGGGCTAATATCCAGA -  

Probe: 5'-TCATCAATGAAAATGGGGGT-3' 

GAPDH F: 5'-TGCCTTCTTGCCTCTTGTCT-3' 55 110bp 

*Primers for forward (F), reverse (R), and probe (Probe) sequences. 
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4. Results 

4.1 LCM and purification of DNA 

Among 178 cases whose serial plasma samples up to 12 months after curative 

surgical resection were available (stage II, N=69; stage III, N=84; stage IV, N=24; 

GIST, N=1), all 21 recurrent cases (stage II, N=2; stage III, N=16; stage IV, N=2; 

GIST, N=1) and 4 non-recurrent cases (stage II, N=2; stage III, N=2) for which 

fresh-frozen paired tumor and normal samples were available from the Tissue 

Bank of the National Cancer Center were selected (Figure 6). Peritoneal seeding 

was diagnosed in two stage IV cases after surgical removal of the primary tumor. 

in Table 1. LCM was 

performed on the fresh-frozen primary tumors for enrichment of cancer cells 

(Figure 6), and the estimated cancer cell percentages after LCM were above 70%. 
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Figure 6. Fresh-frozen primary tumors, stained with haematoxylin and eosin. 
A. Cancer cells in primary tumor tissues before LCM. Cancer cell nests, marked 

in green lines. B. Remnant normal cells and inflammatory cells after LCM. 
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4.2 Identification of tumor-specific rearrangement sequences 

To identify personalized rearrangements that could serve as biomarkers, WGS 

was performed on DNAs isolated from 25 paired primary gastric cancer and 

normal gastric tissues. On average, 796 million DNA fragments were sequenced 

per tumor (range: 683- 933 million), yielding a mean genome sequence coverage 

of 41.7-fold (range: 35.8-48.9) (Table 3). After analysis of the WGS data, 

rearranged sequences specific to the tumor samples were identified (Figure7, 

Table 4). In 6 cases, no personalized cancer-specific rearrangement was 

identified in the WGS data, and no further analysis was performed.  

 

4.3 Confirmation of selected cancer-specific rearrangement 

sequences 

PCR primers were designed for 141 sites from 19 cases in which 

cancer-specific rearrangement was identified in the WGS data (Table 5). Out of 

141 primer pairs, cancer-specific amplification was observed at 84 sites (Table 1). 

With Sanger sequencing, personalized cancer-specific rearranged sequences were 

confirmed at 66 sites (Figure7C, Table 1). With the Sanger sequencing data, 

specific primers were designed again for short-length PCR products. With the 

designed short primer pairs, rearranged sequences were confirmed finally by 

cancer-specific PCR and Sanger Sequencing at 63 rearranged sites (Table 5, 

Figure 8,9), and these personalized cancer-specific short primers were used 

for monitoring of ctDNA in plasma samples (Kang et al. 2015) 
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4.4 Monitoring for presence of ctDNA in serial plasma samples 

Circulating cell-free DNA was isolated from 83 plasma samples from 19 

patients. Each personalized cancer-specific PCR was performed along with 

positive (tumor DNA) and negative (paired normal DNA) controls (Figure8). To 

confirm the rearranged sequences, the amplified products were sequenced by the 

Sanger sequencing method (Figure 9).  

In pre-operative plasma, ctDNA was positive in 11 cases, and the positivity 

rate of pre-operative ctDNA in advanced gastric cancer patients was 58% (11/19) 

(P = 0.0587 by Fisher s exact test, Table 1). In the analysis of pre-operative 

ctDNA positivity and the clinical T stages (tumor size) of the gastric cancer 

patients, there was no significant correlation (P = 0.3189), though the case 

number was quite low. None of the other clinical factors, including N stage, 

clinical stage, and Lauren classification, was significantly correlated with 

pre-operative ctDNA positivity either. ctDNA was detected in post-operative 

plasma samples from 8 cases, and the median lead time from ctDNA positivity to 

clinical recurrence after ctDNA detection was 4.05 months (Table 1). Two 

clinical stage IV cases in each of which positive peritoneal seeding was found 

after surgical resection showed positive ctDNA in the post-operative plasma. In 

seven cases, no ctDNA was detected in pre- or post-operative plasma samples, 

even with 3-5 different markers (Figure 10). 
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Figure 7.  Identification of personalized cancer-specific rearrangements. 

A. Circos diagram for rearrangements in GC17. The inter- and 

intra-chromosomal arcs in the center indicate chromosomal 

rearrangements. B. Circos diagram for GC32. C. Analysis of a rearranged 

sequence which is marked red in B for GC32 by Sanger sequencing. 
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Figure 8. Monitoring of ctDNA in serially collected plasma samples. 

Confirmation of rearrangement sites by using PCR. Rearranged sequences (S22-2, 

S22-3, and S22-4) are amplified in pre-operative (PreOP) and serial 

post-operative plasma samples collected at 1-9 months (1M  9M) after surgery, 

along with normal (N) and tumor (T) tissue samples. Mr, molecular size markers. 
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Figure 9. Confirmation of rearrangements by Sanger sequencing for 3 

rearrangements.  

Amplified products were sequenced by Sanger sequencing method. Rearranged 

sequences (S22-2 (A), S22-3 (B), and S22-4 (C)) of GC22 are confirmed.  
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Figure 10. ctDNA positivity in 19 gastric cancer patients. Each line for a 

case indicates each personalized cancer-specific rearranged marker: +, positive 

ctDNA; -, negative ctDNA; RFS, relapse-free survival in months; ND, not 

determined.  

Tumor Normal PreOP 1M 3M 6M 9M 12M
+ - + + + + +
+ - + + + + +
+ - + + + + +
+ - + + + + +
+ - + + + + +
+ - + + + + +
+ - + + + + +
+ - + + + + +
+ - + + + + + +
+ - + + + + - +
+ - + + + - + +
+ - + - - - - -
+ - + - + - - -
+ - + - - - - -
+ - + - - - - -
+ - + + - - - -
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - + + + +
+ - + - - +
+ - + + + +
+ - - - + +
+ - - - - - - -
+ - - - - + + -
+ - + + + + + +
+ - + - + + - -
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - - - -
+ - - - -
+ - - - -

GC7 + - - - - - - - 13.1
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - - - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -
+ - + - - - - -

GC34 + - + - - - - - non-recur

RFS
(month)

GC17 ND metastatic

GC22 ND metastatic

GC8 1.4

GC9 5.9

GC4 10.3

GC21 5.6

GC10 5.6

GC11 ND ND 6.7

GC31 non-recur

GC33 non-recur

GC12 15.2

GC18 30.4

Sample ID
PCR ctDNA

GC32 18.2

GC1 31.2

GC6 ND ND ND 16.8

GC14 6

GC15 4
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4.5 Correlation between post-operative ctDNA and clinical 

recurrence 

In the analysis of the correlation between post-operative ctDNA positivity 

and clinical recurrence, the presence of post-operative ctDNA at any time within 

12 months of surgical resection was significantly correlated with cancer 

recurrence within 12 months of surgical resection (P = 0.0023, Figure. 11B), in 

contrast to the finding of no significance for pre-operative ctDNA positivity (P = 

0.6372, Figure 11A). For this analysis, ctDNA was considered as positive when 

any cancer-specific rearranged sequence was detected in any plasma sample. 

However, this correlation might not be properly indicative of the usefulness of 

ctDNA monitoring, because ctDNA-positive cases detected later than clinical 

recurrence also were included in the positive correlation. To remove this error, 

ctDNA-positive cases detected only prior to clinical recurrence were analyzed as 

post-operative ctDNA-positive cases, and the results once again indicated a 

significant correlation between ctDNA positivity prior to clinical recurrence and 

cancer recurrence within 12 months of curative surgical resection (P = 0.0294, 

Figure 11C), suggesting that ctDNA positivity can be an indicator of imminent 

clinical recurrence.  

A statistical analysis on the correlation between adjuvant chemotherapy 

(Table 2) and post-operative ctDNA negativity was not significant, due to the 

limited case number. However, all three non-recurrent pre-operative 

ctDNA-positive cases with adjuvant chemotherapy were negative for 
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post-operative ctDNA, in contrast to all two pre-operative ctDNA-positive cases 

without adjuvant chemotherapy, which were positive for post-operative ctDNA. 
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Figure 11. Correlation of ctDNA positivity with recurrent event within 

post-operative 12 months.  

A. Correlation of pre-operative ctDNA positivity with recurrent event. B. 

Correlation of post-operative ctDNA positivity with recurrent event. C. 

Correlation of post-operative ctDNA positivity prior to clinical recurrence with 

recurrent cancer. 
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4.6 Quantitative measurement of ctDNA in plasma 

For quantitative measurement of ctDNA in plasma, quantitative PCR was 

performed for 13 cases. Amplification was confirmed in 96.1% (74/77) of plasma 

samples in which the presence of ctDNA was tested by PCR and Sanger 

sequencing (Figure 12, Table 7). Detection of ctDNA can help to predict clinical 

recurrence, as shown in Figure 12A; however, the cases shown in Figures 12B- 

12C would not be helpful, because the detection time is similar to or later than 

the date of clinical recurrence. In one case (Figure 12D), ctDNA was detected 1 

month after surgery but not later than clinical recurrence. In order to check if 

there are more ctDNA-positive cases, quantitative PCR was performed in 

pre-operative bloods from 5 ctDNA-negative cases by the employment of sample 

amounts equivalent to 333 µL (for GC12 and GC18) or 833 µL (for GC1, GC6, 

GC10, and GC12) of plasma, but all were negative (Table 8). 

In our quantitative results, the ctDNA level in most of the pre- and 

post-operative plasma samples was at the lower limit for quantitative PCR 

detection (mean Ct value: 37.8), which limits the quantitative value of the ctDNA. 

The difference in the ctDNA level between the pre-operative and post-operative 

plasma was not large (2-4 cycles) relative to the difference expected in light of 

the dramatic tumor size reduction after curative surgical treatment.  

We performed droplet digital PCR (ddPCR) for two markers in the GC4 case, 

employing 10 µL cfDNA (equivalent to 333 µL plasma) to ensure the positive 

identification of ctDNA in post-operative plasma. In all of the post-operative 
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plasma samples for the two markers by ddPCR, ctDNA was positive, which is 

quite correspondent to our results by quantitative PCR with employment of the 

same amount (10 µL) of cfDNA (Tables 7, and 9). 
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Figure 12. Quantitative measurement of ctDNA levels in serial plasma 

samples from gastric cancer patients.  

ctDNA levels in bloods from cancer patients GC4 (A), GC14 (B), GC8 (C), and 

GC9 (D). GAPDH, amplification control. X-axis, DNAs from normal (N) and 

cancer (T) tissues, and from pre-operative (PreOP) and post-operative (PostOp) 

plasma samples at 1, 3, 6, 9, and 12 months after surgery. Y-axis, delta Ct (the 

difference of Ct values between the marker and GAPDH). The arrows indicate 

the time of clinical recurrence after surgery. ND,non-detectable. 
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Table 7. Estimation of relative level of ctDNA by quantitative PCR. 

Sample ID 

Tissue (Ct) ctDNA (Ct) 

 Normal  Tumor PreOP 
PostOP 

1M 3M 6M 9M 12M 

GC4 - 27.91  35.25  36.15  36.65  36.18  37.96  36.95  

GC8 - 28.22  38.62  - 37.56 - - - 

GC9 - 37.11  38.94  40.98  - - - - 

GC12 - 26.16  - - - - - - 

GC14 - 32.54  39.44  - - 39.35  N.M - 

GC15 - 30.90  37.57  - N.M N.M - - 

GC17 - 32.02  38.94  39.71  N.D 40.05 35.88 38.58 

GC18 - 26.00  - - - - - - 

GC22 - 26.87  37.89 37.70  37.59 38.25 37.87 N.D 

GC31 - 26.46  35.25  - - - - - 

GC32 - 25.56  36.06  - - - - - 

GC33 - 28.39  37.17  - - - - - 

GC34 - 30.73  40.28  - - - - - 

Ct, threshold cycles; -, not detected; N.M, not matched; N.D, not determined. 
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Table 8. Estimation of the level of pre-operative ctDNA by quantitative PCR 

in 5 pre-operative ctDNA-negative cases. 

Sample 
ID 

GAPDH (Ct)  Target  (Ct) 

Normal 
sample 

Cancer 
Tissue 

Pre-operative 
plasma  
(sample 

amount µL*) 

 Normal 
sample 

Cancer 
Tissue 

Pre-operative 
plasma (sample 
amount µL*) 

 

GC1 27.52 23.6 27.66 (167) - 28.64 -833 

GC6 25.65 24.12 27.42 (167) 
 

- 26.7 -833 

GC10 28.22 24.62 29.72 (167) - 27.67 -833 

GC12 26.86 25.18 30.45 (167) 
 

- 26.85 -833 

GC18 24.12 23.71 27.13 (333)  - 26 -333 
 

* Sample amount of equivalent plasma employed for quantitative PCR 

Ct, threshold cycles; -, not detected. 
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Table 9. Quantitative measurement of ctDNA by digital droplet PCR 

Marker 

Tissue ctDNA 

 Normal  Tumor PreOP 

PostOP 

1M 3M 6M 9M 12M 

GC4 S4-6  0  301  28  16  17  13  3  26  

GC4 S4-7  0  354  19  15  10  5  9  11  

The number of positive droplets is shown. 

PreOP, pre-operative; PostOP, post-operative samples; 1M, 3M, 6M, 9M, and 12 

M, plasma samples at 1, 3, 6, 9, and 12 months after surgery, respectively. 
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5. Discussion 

In the analysis of ctDNA levels in post-operative blood employing 

personalized cancer-specific rearrangements instead of mutations, we confirmed 

the presence of ctDNA at a median lead time of 4.05 months, and found that 

post-operative ctDNA positivity prior to clinical recurrence was significantly 

correlated with cancer recurrence within 12 months of radical surgery (P = 

0.029). As such, our study can be considered to have confirmed the clinical 

usefulness of ctDNA monitoring for cancer recurrence in gastric cancer patients 

after curative surgical resection. 

Although ctDNA has been detected in blood samples obtained from cancer 

patients, its usefulness for the detection of early recurrence after curative surgical 

resection has been in question, due to the possibility of low level of ctDNA 

shedding from microscopically remnant or recurrent cancer cells when the 

general correlation between the tumor burden and the ctDNA level is considered 

(Muhanna et al. 2017). Two studies on blood ctDNA for monitoring of recurrence 

in breast cancer (Garcia-Murillas et al. 2015) and colon cancer (Tie et al. 2016) 

suggested the possibility of the clinical application of mutation monitoring. The 

employment of mutations for serial ctDNA monitoring, however, can suffer from 

a high rate of inconsistency due to false positivity or negativity, or technical NGS 

problems in the detection of mutations, especially for low-allele-frequency 

mutants (Hudson et al. 2014). The proportion of ctDNA in blood is extremely low, 

and so NGS methods must be effective in detecting mutant allelic frequencies as 
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low as 0.1% (Crowley et al. 2013), which fact might lead to inconsistency in 

ctDNA detection by NGS. A comparative study of mutations in primary tumors 

and ctDNA from the blood of advanced lung cancer patients also indicated that 

there would be inconsistency when mutation calls obtained from NGS are 

employed for monitoring of ctDNA: the concordance rate was only 50.4%, even 

in the blood from cancer patients who had not undergone surgical removal of 

primary tumors (Chen, Lou, et al. 2016). In order to alleviate the problem of 

inconsistency in NGS, personalized cancer-specific rearrangements have been 

employed for detection of ovarian cancer recurrence (Harris et al. 2016), the 

resultant data confirming the presence of ctDNA in post-operative blood; 

however, the clinical usefulness of ctDNA was not analyzed in that study. The 

present study, having employed cancer-specific rearrangements to increase 

specificity and sensitivity for detection of ctDNA in serially collected 

post-operative bloods, established the clinical usefulness of ctDNA monitoring 

for cancer recurrence: the presence of ctDNA was confirmed at a median lead 

time of about 4 months, which demonstrated the significant association between 

ctDNA presence in blood prior to clinical recurrence and cancer recurrence 

within 12 months of curative surgical resection. Therefore, our study can be 

considered to advocate for the utility of ctDNA monitoring for cancer recurrence 

after curative surgical resection. 

Although previous studies have shown that ctDNA can be an excellent 

screening method for cancer recurrence, significant fractions of their recurrent 

cancer patients showed ctDNA negativity in their post-operative blood 
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(Garcia-Murillas et al. 2015, Bettegowda et al. 2014). The main suggested factors 

behind those results were tumor heterogeneity and the relative paucity of remnant 

cancer cells after curative resection. Inconsistent post-operative ctDNA positivity 

for each rearranged sequence in some cases in the present study might indicate 

the possible heterogeneity in cancer cells, which would necessitate the 

employment of several rearranged markers for a case to increase the 

post-operative ctDNA positivity. In addition, ctDNA non-shedders, who do not 

have detectable ctDNA in pre-operative blood, may be one of the main reasons 

for the ctDNA-negativity in recurrent post-operative blood because a lot of cases 

in the present study showed no ctDNA in pre-operative blood though all recruited 

patients were at the T3 or T4 stage. Moreover, most of the pre-operative 

ctDNA-negative cases (7/8) and recurrent ctDNA non-shedders (4/5) remained 

ctDNA-negative in post-operative blood. Consistent with this, pre-operative 

ctDNA-negative cases and ctDNA non-shedders have already been reported 

(Cohen et al. 2018). Therefore, ctDNA-non-shedders might be an important 

reason for ctDNA negativity in recurrent cases. Inclusion of only pre-operative 

ctDNA-positive cases or ctDNA shedders for ctDNA monitoring might, 

accordingly, improve cost-effectiveness for early detection of cancer recurrence 

after curative surgical treatment. 

In the present study on serial monitoring of ctDNA in post-operative blood, 

several issues arose. First, ctDNA in serial post-operative blood was not 

consistently positive during the follow-up periods. For example, in one case, 

ctDNA was positive at 1 month following surgical resection, but became negative 
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until clinical recurrence, which suggests that ctDNA levels during follow-up 

periods might continually change with ctDNA dynamics. Therefore, the meaning 

of ctDNA-positivity in the short term, as it relates to cancer recurrence risk, 

might be difficult to determine. At the very least, more frequent monitoring of 

ctDNA could increase the chances of correctly identifying recurrent cases, or 

could help to determine the risk for cancer recurrence. The second issue that 

arose in this study with respect to serial monitoring of ctDNA in post-operative 

blood was the fact that the level of post-operative ctDNA was not much different 

from its pre-operative level, although a large decrease in tumor burden after 

curative surgical removal of primary cancer was expected. Previous studies 

employing mutations for ctDNA monitoring also have reported cases showing 

small changes in ctDNA levels between pre- and post-operative blood 

(Garcia-Murillas et al. 2015, Hamakawa et al. 2015), suggesting that factors 

other than tumor size might also be important for determination of ctDNA levels. 

Although ctDNA levels have been reported to be correlated with tumor size 

(Crowley et al. 2013), there were no significant correlations in the present study 

between pre- or post- operative ctDNA positivity and T stage (tumor size), which 

supports the supposition that inherent biological or dynamic tumor factors 

determine ctDNA levels. Therefore, issues such as the presence of ctDNA in 

short-term follow-up and ctDNA dynamics independent of tumor size could be 

considered to interfere with accurate prediction of cancer recurrence by ctDNA 

monitoring. 

In the present study, personalized cancer-specific rearrangements were 

69



` 

 

employed for monitoring of ctDNA in post-operative blood samples obtained 

from cancer patients. We expected that monitoring of rearrangements in 

post-operative blood would be sensitive, simple, and rapid for more frequent 

monitoring of ctDNA. Although the sensitivity employing mutations have been 

dramatically increased (Lee et al. 2016, Park, Park, et al. 2018, Kinde et al. 2011), 

but the serial monitoring of mutations from post-operative blood by NGS or 

droplet digital PCR would take more time and cost than simple PCR. However, 

the burden of time and cost in obtaining information on cancer-specific 

rearrangements by WGS is high. Especially, high proportions of rearrangements 

detected in WGS analysis are negative in PCR confirmation or PCR sequencing. 

In the present study furthermore, WGS failed to find any cancer-specific 

rearrangements in 6 out of 25 cases, adding to the difficulty of employing 

rearrangements for ctDNA monitoring. Therefore, for employment of 

personalized cancer-specific rearrangements in monitoring of ctDNA, more time- 

and cost-effective screening methods are necessary. 

The present study has several limitations. It was performed retrospectively, 

plasma samples having been collected until 12 months after curative surgical 

resection, and the available recurrence cases were enrolled preferentially, both of 

which conditions can incur bias. A prospective study with more extensive serial 

collection of plasma samples until cancer recurrence would yield more objective 

information on ctDNA monitoring for cancer recurrence. Additionally, the 

present study employed only limited amounts of plasma, about 1 ml in most 

cases, and only about 67 ul of plasma per PCR reaction for monitoring of ctDNA, 
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because several markers had to be checked at the same time. Employment of 

larger volumes of plasma for ctDNA monitoring would increase sensitivity. 

In conclusion, we demonstrated the usefulness of ctDNA monitoring 

employing personalized cancer-specific rearranged sequences for detection of 

gastric cancer recurrence, having confirmed the presence of ctDNA, at a median 

lead time of 4.05 months, and its significant correlation with clinical recurrence. 

Our results also raise important issues that could limit the usefulness of ctDNA 

monitoring: 1) ctDNA non-shedders without any detectable pre-operative ctDNA, 

most of which remain as ctDNA non-shedders even after cancer recurrence; and 

2) inconsistent post-operative ctDNA positivity in ctDNA shedders. In 

consideration of our overall results, ctDNA monitoring for cancer recurrence 

certainly warrants future prospective studies on its clinical utility, but the 

limitations due to ctDNA dynamics during pre- and post-operative periods should 

be considered for designing prospective studies. 
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