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ARTICLE INFO ABSTRACT
Keywords: Objective: Ovarian cancer (OC) is an intractable gynecological tumor, and frequent recurrence is experienced
CtDN_A within a few years even after the complete eradication of tumor tissues by radical resection and neo-adjuvant
Ovarian cancer chemotherapies. The conventional recurrence marker, CA125, is widely used for follow-up after resection of
‘éﬁc;é OC, but CA125 has a long half-life in blood and lacks dynamic responses to tumor recurrence. Recent de-
velopments in liquid biopsy procedures are expected to overcome the difficulties in early diagnosis of OC
recurrence after surgery.
Methods: We applied droplet digital PCR (ddPCR) technology to detect circulating tumor-derived DNA in OC
patients’ plasma during follow-up. Exome sequencing of 11 tumor-normal pairs of genomic DNA from consec-
utive OC patients identified tumor-specific mutations, and ddPCR probes were selected for each sample.
Results: Six of 11 cases showed apparent recurrence during follow-up (mean progression-free survival was 348.3
days) and all six cases were positive in ddPCR analyses. In addition, ddPCR became positive before increased
plasma CA125 in five out of six cases. Increased allele frequency of circulating tumor DNA (ctDNA) is associated
with increased tumor volume after recurrence. ddPCR detected ctDNA signals significantly earlier than increased
CA125 in the detection of OC recurrence by imaging (49 days and 7 days before, respectively: p < 0.05). No
ctDNA was detected in the plasma of recurrence-free cases.
Conclusions: Our results demonstrate the potential of identifying ctDNA by ddPCR as an early detection tool for
OC recurrence.
1. Introduction and the main histological type is high-grade serous ovarian carcinoma
(HGSOC), which has a poor prognosis (Torre et al., 2018). Despite ad-
In Japan, approximately 9,000 people are diagnosed with ovarian vances in surgical procedures and the development of effective chemo-
cancer (OC) and 4,500 people die of OC each year (Shoji et al., 2018). therapeutic drugs for the complete eradication of OC, the survival
Furthermore, OC is increasing in Eastern/Southern European countries outcomes in patients with advanced OC remain unfavorable because of

and Asia (Coburn et al., 2017). Most OC cases (90%) are epithelial OC, recurrence within a few years (Bowtell et al., 2015). Early OC lacks
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subjective symptoms, and thus many cases (40%) are diagnosed at
stages III and IV. The reported 5-year survival rates of stages III and IV
OCs are 49.5% and 30.8%, respectively in Japan (Nagase et al., 2020).

To detect recurrence of OC, CA125 is often measured as a marker in
the follow-up after OC treatment. The National Institutes of Health
statement recommends conducting a medical interview, physical initial
examination, consultation, and CA125 measurement for the follow-up of
OC after treatment completion (Colombo et al., 2019). Furthermore, in
the US, many gynecologists measure CA125 to check for OC recurrence
(Harmandayan et al., 2011). CA125 has a high positive predictive value
but low sensitivity (Rustin et al., 1996), and is useful for continuous
clinical measurement to show trends in treatment response because of its
long biological half-life in serum. However, false negatives cannot be
ruled out with a single measurement of CA125 (Gu et al., 2009). Its value
can be heterogeneous within and between OC patients because CA125
does not directly reflect absolute tumor volume (Van Gorp et al., 2011).
Therefore, early diagnoses of OC recurrence on the basis of periodical
changes rather than absolute values of CA125 are being investigated.
The Japanese guidelines (Tokunaga et al., 2021) for the detection of OC
recurrence recommend the following criteria as indicators of OC
recurrence: three consecutive elevations even within the normal range
(Wilder et al., 2003); an elevation of 10 U/ml or more (Santillan et al.,
2005); or an elevation of 25 U/ml or more in 1 month (Meier et al.,
1997). However, the specifications for evaluation are sometimes not
applicable because of the health insurance regulations in Japan that
state that the CA125 test can only be performed once in a month. Thus,
there is an urgent need to identify a biomarker that is more reliable and
rapid than CA125 for improving the prognosis of OC.

A new technology called liquid biopsy is being developed for cancer
diagnosis. Using liquid samples (including plasma and urine) that can be
taken from the body using minimally invasive methods, liquid biopsy
can be a useful biomarker for the detection of tumor formation and
progression (Crowley et al., 2013). Circulating plasma contains frag-
mented DNA derived from various tissues including tumors (Lo et al.,
2021). Conventional biopsy techniques, taking tissues with endoscopes
or needles, are painful and risky, and because only a small portion of
tumor tissue can be collected, only fragmentary profile information can
be detected. It has become clear that the circulating blood of patients
with early stage cancer contain mutated circulating tumor DNA (ctDNA)
from cancer cells. In particular, ctDNA is being actively studied as a
potential detection tool of recurrence after surgery (Wan et al., 2017).

In colorectal cancer, Diehl et al. showed that ctDNA from patients
with metastatic colorectal cancer after liver metastasectomy out-
performed the serum marker CEA in detecting small lesions (Diehl et al.,
2008). Furthermore, Allegretti et al. reported that residual and non-
residual ctDNA at the first (3-month) postoperative follow-up was
associated with earlier recurrence and disease-free status in three and
seven patients, respectively. In addition, their study reported an
increased sensitivity of ctDNA results when analyzed in combination
with serum CEA levels (58.8% to 63.6%). Therefore, these studies
strongly suggest that ctDNA is a powerful biomarker for micro-residual
disease of colorectal cancer (Allegretti et al., 2020). In non-small cell
lung cancer, ctDNA has enabled the identification and monitoring of
several actionable genomic mutations, including EGFR, ERBB2, MET,
ALK, ROS1, and RET (Thress et al., 2015).

Several studies have reported comparisons between CA125 and
ctDNA as a recurrence biomarker in OC (Asante et al., 2020). Pereira and
colleagues reported that ctDNA was elevated prior to computed to-
mography scan (CT) findings using droplet digital PCR (ddPCR) tech-
nology (Pereira et al., 2015), while Parkinson et al. reported that ctDNA
in the TP53 region of HGSOC was measured as a specific biomarker
(Parkinson et al., 2016). However, these studies investigated the ctDNA
of HGSOC only and did not include ovarian clear cell carcinoma.

In Japan, two cancer gene profiling tests (Foundation One CDx
(Frampton et al., 2013) and NCC Oncopanel (Sunami et al., 2019) were
approved by the government in December 2018, and since June 2019,
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these tests have been covered by the national health insurance. More
than one hundred genes are covered by the two tests, and thus it is
relatively easy to identify cancer-specific mutations for ddPCR probes
that can be used for liquid biopsy. Considering this current trend, the
discovery of biomarkers using genomic information and the establish-
ment of detection methods are urgently required in the treatment of OC
after surgery. The usefulness of ctDNA detection with ddPCR should be
demonstrated by comparisons with CA125 and imaging tests in the
follow-up of OC after treatment.

The purpose of this study was to establish a method to identify in-
dividual mutations, regardless of histology, that could be used in all OC
patients. In this study, we included the two major histological types of
OC, HGSOC and clear cell carcinoma, and conducted experiments using
commercially available probes for ddPCR to detect ctDNA in the plasma
of OC patients after treatment. Furthermore, we attempted to analyze
the relationship of the onset of recurrence, recurrent tumor size, and the
duration of progression-free survival with CA125 and ctDNA.

2. Materials & methods
2.1. Patient background

Eleven patients with advanced OC were enrolled in this study, all of
whom had completed treatment and were confirmed to have no residual
tumor by imaging and CA125 detection. We selected consecutive OC
cases using two criteria. First, advanced OC cases who underwent
complete resection from 2016 to 2019 at the Miyagi Cancer Center
(MCC) Hospital were selected. Second, preoperative CA125-positive
(>35 Units/ml) cases were included. Eleven OC patients undergoing
follow-up after treatment at MCC hospital were enrolled in this study;
their OC histology and patient backgrounds are described in Table 1.
This study was approved by the ethics committee of MCC (registration
ID: 2019-038). Written informed consent was obtained from all pa-
tients. The timing of recurrence was defined by the detection of new
lesions by imaging, either via contrast enhanced CT scan or positron
emission tomography by expert radiologists. Clinical data were obtained
from the patients’ medical records, including treatment history, CA125
level, and histological type.

2.2. DNA extraction from FFPE specimens

Tumor samples were collected at the time of initial surgery and
stored as formalin-fixed paraffin-embedded (FFPE) specimens. Surgi-
cally removed cancer tissue with a non-cancerous component was
treated with 10% neutral buffered formalin solution (060-01667; Fuji-
film Wako Pure Chemical Co., Osaka, Japan). Paraffin embedding and
preparation of tissue slides were undertaken using standard protocols
for genome analyses. Tissues were cut from paraffin blocks (5 M thick,
10 pieces) and we separately scratched cancer and non-cancerous tissue
specimens on the same glass slides. By doing so, we could remove po-
tential false positives caused by formalin fixation (Shibuya et al.

Table 1
Summary of the cases in this study.

Parameters Case number
Total 11

Median age in years (range) 54.7(42-68)
Stage

1IB 2

iiiA 3

iiiB 2

iiiC 3

IVB 1

Primary site histology

Serous 6

Clear cell 4

Mixed (Serous + Clear cell) 1
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(Shibuya et al., 2018), Ito et al (Ito et al., 2021). Eleven pairs of tumor
and normal tissue specimens were subjected to dissection using the
AVENIO Millisect System (Roche, Basel, Switzerland). The choice of
region for DNA extraction was macroscopically selected on the basis of
the corresponding hematoxylin—eosin staining. DNA was extracted with
the Maxwell RSC DNA FFPE Kit- PKK, Custom (AX2500; Promega,
Madison, WI) and Maxwell RSC Instrument (Promega) according to the
manufacturer’s instructions. In total, 590 ng to 4,480 ng whole genomic
DNA was obtained.

2.3. Plasma collection and DNA extraction from plasma

Ten milliliters of blood were collected when the enrolled patients
had blood drawn for their routine CA125 testing (every 1 to 2 months)
during the follow-up period. Sample blood was collected in a PAX gene
Blood ccfDNA Tube (Becton Dickinson, Franklin Lakes, NJ, USA) ac-
cording to the manufacturer’s instructions. The blood was then centri-
fuged at 1900 x g for 15 min at room temperature, and the supernatant
plasma was transferred to a separate DNA LoBind Tube (0030108051;
Eppendorf Germany). The plasma was further centrifuged at 1900 x g
for 10 min at room temperature to remove remaining leukocytes. Ob-
tained plasma was frozen and stored at — 80 °C until purification of
circulating cell-free DNA (ccfDNA). The ccfDNA was extracted from
plasma using the QIAamp Circulating Nucleic Acid Kit (55114; Qiagen
Gmbh, Hilden, Germany) according to the manufacturer’s instructions.

2.4. Whole exome sequencing and bioinformatics analyses

Genomic DNA extracted from both the tumorous and non-tumorous
portions of each patient FFPE specimen was subjected to whole exome
sequencing (WES). WES was outsourced to Macrogen Japan Corp and
the Novaseq 6000 was used for the WES. The bioinformatics procedures
(Figure S1A) were performed as described previously (Ito et al., 2021).
Briefly, after the raw reads were trimmed, the paired reads were mapped
onto hg38 references with BWA-MEM (Liu et al., 2013). The variant
calling was performed with Mutect2 in the Genome Analysis Toolkit 4.1
(McKenna et al., 2010) and the normal panel consisted of 11 non-
cancerous tissue data. The filtering conditions were as follows: false
discovery rate = 0.01; unique alt read count = 20; min allele fraction =
0.1; and minimum depth = 100. The annotations for the called variants
were performed with Annovar (Wang et al., 2010) with a custom-made
4.7 KJPN variant dataset and COSMIC 90 (Tate et al., 2019). To do so,
we converted hg38 to hgl9 with liftOver software (Hinrichs et al.,
2006).

2.5. Droplet digital PCR

The BIORAD ddPCR Mutation Assay (BioRad, Hercules, CA) was
used to select commercially available probes for the somatic mutations
identified in the WES of FFPE samples. The probes for 11 samples were
selected (Table 2) and ddPCR was performed with the QX200 AutoDG
Droplet Digital PCR IVD System (BioRad). Then, 8 pl eluted ccfDNA
(approximate DNA amount was 0.128 pg) was used for each PCR reac-
tion. The total PCR reaction volume was 40 pl (20,000 drops were
generated). The PCR conditions were as follows: one cycle at 95 °C for
10 min; 40 cycle steps at 94 °C for 30 sec and 55 °C for 1 min; and finally,
98 °C for 10 min denaturation for enzyme deactivation. Probe fluo-
rophores were FAM/HEX, and wild-type and mutant copy amounts were
measured. All the ddPCR experiments were performed at least twice.
Detection efficiency of ctDNA by ddPCR was tested with DNA extracted
from corresponding tumor specimens for all probes. Allele frequency
(AF) was calculated when mutant-type signal dots (FAM) at one time
point or more than one mutant-type signal dot at consecutive time points
existed in the presence of wild-type signal dots (HEX) using the formula:

AF (%) = mutant-type dots (FAM) x 100 (%)/mutant-type dots
(FAM) + wild-type dots (HEX)
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Table 2
Droplet digital PCR probes used in this study.
Case  Assay Name Assay ID: Nucleotide COSMIC ID
Mutation:

T1 TP53 p. dHsaMDV2010109 c.818G > A COSM10660
R273H

T2 PIK3CA p. dHsaMDS2512492 c.3140A > G COSM775
H1047R

T3 TP53 p. dHsaMDS565152834 c.757A > C COSM45980
T253P

T4 TP53 p. dHsaMDS471419499 c.916delC COSM44631
R306Efs*39

T5 MYH13 p. dHsaMDS130976248 c.4257G > T COSM1380696
E1419D

T6 FGFR2 p. dHsaMDV2010045 c.755C > G COSM36903
S252W

T7 PIK3CA p. dHsaMDS2512492 ¢.3155C > A COSM17447
T1052K

T8 TP53 p. dHsaMDS2516194 c.726C > G COSM11356
C242W

T9 TP53 pY236C dHsaMDV2516916 c.707A > G COSM10731

T10 TP53 R175H dHsaMDV2010105 c.524G > A COSM10648

T11 MYHS6 p. dHsaMDV2516916 c.707A > G COSM10731

R673H

2.6. Image analysis

Imaging studies (contrast-enhanced CT, PET-CT) every 6 months are
performed, and additional imaging studies were performed when there
was a suspicion of recurrence, such as CA125 level was a continuously
increase despite the level within the normal range. Volume analysis of
CT images before and after treatment of recurrence was performed on
six patients with recurrence. The tumor volume of CT at the time of
recurrence was calculated using Aquarius iNtuition Edition version 4
(TeraRecon, Durham, NC). We only analyzed the effects of treatments on
recurrent tumors that consisted of single legions but not multiple lesions
to avoid complex calculations.

2.7. Statistical analysis

The correlations between tumor volume and AF detected by ddPCR
were analyzed using Pearson’s correlation coefficient. The comparison
between CA125 and ddPCR with recurrence was performed with Stu-
dent’s t-test. The Kaplan-Mayer progression-free survival curves were
drawn using JMP 15pro software (version 15).

3. Results

3.1. Exome analyses revealed somatic mutations in OCs to enable
selection of personalized ddPCR probes

Ovarian tumors in this study consisted of high-grade serous carci-
noma, clear cell carcinoma, and a mixture of the two types of histology
(six, four, and one case, respectively). The genomic DNA of OC and
surrounding non-cancerous tissues was extracted for exome analyses.
The exome data are summarized in Supplementary Table 1 and
Figure S1B. The average number of tumor-specific genetic alterations
was 66, similar to our previous study (Shibuya et al., 2018). Only one
out of 11 cases underwent neoadjuvant chemotherapy before surgery
and no qualitative differences in genomic DNA among the samples were
detected. The aim of the exome sequencing in this study was to identify
appropriate tumor-specific mutations for ddPCR analysis, and all cases
showed at least one mutation for which ddPCR probes were commer-
cially available (Table 2). The mutation spectra showed the typical OC
mutation patterns (Figure S1B); somatic TP53 mutations were identified
in high-grade serous carcinoma and ARIDIA and PIK3CA mutations
were found in the clear cell carcinomas analyzed in this study (Shibuya
et al., 2018)
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3.2. Tumor-specific ctDNA fragments were clearly detected at OC
recurrence before CA125 had increased and were negative in patients
without recurrence

The tumor-specific ctDNA fragments and CA125 levels were
compared as follow-up markers of OC. At the time of recurrence
detected by CT, both tumor-specific ctDNA fragments and CA125 were
positive. During the follow-up periods, six cases showed definite
recurrence; Fig. 1 shows the time course of tumor-specific ctDNA frag-
ments with cancer-specific mutations, CA125, and total ccfDNA of these
six patients. Among them, cases 1, 4, and 5 underwent surgery, and case
1 underwent successive chemotherapies (Fig. 1A, D, and E). These cases
showed an obvious decline in all three tests. Conversely, cases 2 and 3
(Fig. 1 B and C) died of the primary disease and the three markers
increased during the observation periods. These results suggested that
tumor-specific ctDNA fragments and ctDNA may be good follow-up
markers.

We next investigated whether tumor-specific ctDNA fragments can
detect OC recurrence before increased CA125. Fig. 1 shows that tumor-
specific ctDNA fragments became positive earlier than CA125 in five out
of six recurrent cases (cases 1, 2, 4, 5, and 6). In the time course of case 1,
CA125 was not over 35 U/ml when the recurrence appeared in the CT
image during the observation period. In Fig. 1C, case 3 showed a rapid
increase in ccfDNA, but by either CT imaging or CA125, tumor recur-
rence was not detected for 6 months. The cause of increased ccfDNA in
this case may be unrelated to the disease state of OC and has not been
clearly elucidated. However, case 1 (Fig. 1A) showed the second com-
plete eradication of tumor cells and became negative for all markers
(ccfDNA, ctDNA, and CA125) for 10 months. On the contrary, all five
recurrence-negative cases did not show an increase in all the markers
during the follow-up. In our observation, tumor-specific ctDNA
fragment-detection of tumor-specific mutations was more sensitive for
five cases than CA125 (Fig. 1A, B, D, E, F).
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3.3. Relative changes in AF in tumor-specific ctDNA fragments were
correlated with changes in tumor volume

The increases or decreases in tumor volumes in CT images were
compared with the AFs of the most recently measured ctDNA of each
case. Four patients with a single recurrent lesion and accurate mea-
surements of AF changes were included in the study. The other two cases
were eliminated from this analysis because of multiple recurrent lesions.
The measured tumor images and the changes in ctDNA and tumor vol-
ume are shown in Fig. 2 and Figure S2. The increase or decrease in
volume was positively correlated with ctDNA (Pearson r = 0.93). The
correlation also indicated that the treatment effect can be measured by
ctDNA. In OC, like other types of cancer, tumor volume was shown to be
negatively associated with response to treatment (Diehl et al., 2008) (To
et al., 2003), suggesting that AF can be a good follow-up marker and
could be used to determine the timing of CT imaging for the detection of
OC recurrence. Further studies are required to confirm if tumor-specific
ddPCR is useful for determining the treatment strategy for recurrence.

3.4. Latency of detection of tumor-specific ctDNA fragments for OC
recurrence is shorter than that of increased CA125

The median values of latency between blood testing and diagnosis of
recurrence by imaging were — 49 days and —7 days, although an
apparent significant difference was detected (95% CI: —95.8-5.85 and
95% CI: —29.1-53.7, respectively; p = 0.0495, Fig. 3A). The positive
value for CA125 is 35 U/ml or higher, but in this study, three consecu-
tive elevations within the normal range, an elevation of 10 U/ml or
higher, or an elevation of 25 U/ml or higher in 1 month were addi-
tionally considered as positive. The progression-free survival (PFS) of
patients whose ctDNA was detected by ddPCR in blood samples
collected after treatment was significantly shorter than that of patients
whose ctDNA was not detected (median PFS of ctDNA-positive patients
348 days; PFS by Kaplan-Meier analysis; p = 0.0038; Fig. 3B).
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Fig. 1. Time course of CA125, ccfDNA, and ddPCR copy numbers in recurrent OC. Panels A to F indicate the time courses of six recurrent cases during the study.
Horizontal axes indicate the date and left vertical axes indicate the score of CA125 (unit/dl: blue lines) and the concentration of cell-free DNA (ng/ml: gray lines).
Allele frequencies of tumor-specific variants are indicated with the right vertical axis (%: red lines). The horizontal double-sided arrows with dotted lines indicate the
period of chemotherapy. The vertical dotted lines indicate clinical events such as CT scanning or surgical resection.
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Fig. 3. Clinical significance of detection of ctDNA with ddPCR in the follow-up of OC. Panel A. Comparison of ctDNA and CA125 latency until detection of OC
recurrence in CT images. The horizontal axis indicates the markers, and the vertical axis indicates the length of latency of the detection of recurrence in CT images.
Each dot indicates the value of the markers and whiskers indicate 95% CI. Panel B. Kaplan-Meier curves for progression-free survival. Red and blue lines indicate

patients with and without ctDNA detected by ddPCR, respectively.
4. Discussion

We describe the analysis of ctDNA in the plasma of OC patients
during their post-treatment follow-up. Tumor-specific mutations were
previously identified by exome analysis of DNA extracted from FFPE
specimens of 11 OC patients. ddPCR probes designed against the mu-
tations were selected for each patient and mutated ctDNA fragments in

plasma were detected in all six patients with recurrence during the
observation period. Quantification of the AF in tumor-specific ctDNA
fragments showed high sensitivity in ddPCR in recurrence detection: up
to 0.039% ctDNA could be detected. AF changes in ctDNA responded
earlier than changes in CA125. Furthermore, tumor-specific ctDNA
fragments can indicate OC recurrence significantly earlier than CA125.
In addition, the PFS of patients whose ctDNA was detected in blood
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samples collected after treatment was significantly shorter than that of
patients whose ctDNA was not detected. These results indicate that
ddPCR for tumor-specific ctDNA is a better marker than CA125 for
detection of recurrence and estimation of treatment efficiency.

CA125 and CT imaging are the most frequently used surveillance
modalities in ovarian and endometrial cancer. However, CA-125 is
considered optional, and CT imaging is recommended only when clini-
cally indicated by the National Comprehensive Cancer Network guide-
lines (Network, 2017). CT imaging can reliably detect recurrence of OC,
but it causes radiation exposure and taking images at a high frequency
should be avoided; therefore, good markers that can be detected in blood
are necessary for follow-up of OC.

CA125 is widely expressed in other tissues than OC and its expression
is altered in endometriosis, uterine fibroids, benign adnexal masses, and
other type of malignancies such as cholangiocarcinoma. Moreover,
CA125 has a prolonged half-life of 9-44 days (Riedinger et al., 2006).
Hence, CA125 responds to tumor changes with some delays and does not
reflect the present state of OC recurrence. Our results indicated that
tumor-specific ctDNA fragments can reflect the extent of recurrence of
OC better than CA125 and supports the idea that tumor-specific ctDNA
fragments may be a more ideal marker for OC follow-up.

A study by Pereira (Pereira et al., 2015) and colleagues showed that
ctDNA is elevated on average for 7 months (range, 1-11 months) prior to
imaging studies, but the superiority of tumor-specific ctDNA fragments
to CA125 in plasma was not clearly verified for the detection of OC
recurrence in their study. Conversely, our study periodically estimated
CA125 and ctDNA in OC follow-up and showed that the latency of the
personalized tumor-specific ctDNA fragments appeared to be shorter
than that of CA125 in the detection of OC recurrence with statistical
significance.

Parkinson et al. showed that the TP53-specific ddPCR probes are
useful to detect ctDNA of recurrent high-grade serous OC (Parkinson
et al., 2016). However, in Japan, a substantial number of OC cases are
clear cell carcinoma in which TP53 mutations are infrequent (Shibuya
et al., 2018), and thus their strategy may not be applicable to many OC
patients in Japan. Using ddPCR for the detection of tumor-specific
ctDNA fragments in this study, it was possible to measure ctDNA ac-
cording to the individual’s specific mutations, rather than being limited
to the histological type of OC or a specific range of mutated genes. In
Japan, health insurance coverage for two cancer gene profiling tests has
been provided by the national health insurance system since June 2019
to achieve precision oncology (Ebi and Bando, 2019;3.10.1200/
p0.19.00291.), and these profiling tests are commonly used in Japan. In
this context, the hurdle of accessing genomic information in individual
tumor specimens has been lowered, and the time and cost of designing
and validating propensity probes for patient-specific ctDNA detection
has been reduced by commercial companies.

In a previous study of untreated lung cancer, there was a significant
concordance between ctDNA levels and tumor volume in nine patients
(Newman et al., 2014). In our study, a positive correlation between
tumor volume and ctDNA AF was confirmed in four patients. It has been
highlighted that the correlation with tumor volume may be lower in
cases of ascites retention (Parkinson et al., 2016). The two cases in
which ctDNA AF could not be compared with recurrent tumor volume
did not show ascites in our study. For these cases, it is also important to
construe the changes of tumor volumes from liquid biopsy data to
respond the disease progression at an appropriate time. Thus, it is
important to increase the number of patients who undergo accurate
tumor volume measurement in the future.

We found that ctDNA could detect OC recurrence earlier than CA125.
However, considering the benefit of the early detection of OC recur-
rence, a study by Rustin et al. showed that early intervention had no
benefit for OC patients (Rustin et al., 2010). At that time, therapeutic
agents for recurrent disease were limited. For example, Rustin et al. used
only platinum and/or taxane for the treatment of OC recurrence, and
early detection of recurrence may not have been effective. Numerous
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molecular targeted drugs are currently available, and the use of such
drugs might improve the prognosis of recurrent OC if combined with the
earlier and more accurate detection of OC recurrence by ctDNA. The
significance of early therapeutic intervention should be reevaluated in
OC follow-up with these new therapeutic agents, with ctDNA detection
as a recurrent maker. However, the study design would be difficult
because of the varying sensitivity of ddPCR probes in OC patients.

This study demonstrates the usefulness of ctDNA as a predictor of OC
recurrence. By incorporating our method into future clinical trials for a
new drug, it may be possible to show the effectiveness of ctDNA
detection for OC recurrence when the drug is effective. In addition, early
detection of recurrence using tumor-specific ctDNA fragments may help
OC patients to prepare for the next step, even if additional treatment is
not available. The benefits of the early detection of recurrence may be
many at this stage, such as identifying a suitable clinical trial for the
patient or introducing the possibility of a second surgery that could be a
curative treatment for the recurrent lesion. Similarly, ctDNA be a useful
biomarker for clinical decision-making such as changing the chemo-
therapeutic agents. For example, case 1 and 2 in our study (Fig. 1 panel A
and B) showed that the effectiveness of the maintaining drug (olaparib)
and changing the agents (from Paclitaxel + Platinum to gemcitabine),
respectively.

Our study had several limitations. First of all, probes were selected
from Bio-Rad’s catalog to match the single nucleotide mutations in each
sample. Because we were able to detect ctDNAs in the plasma of
recurrence-positive patients using commercial probes, we believe that a
certain level of quality was maintained with the commercially available
ddPCR probes. However, an off-the-shelf product for all OC patients in
the selection of ddPCR probes is not always available. Whether the same
performance can be obtained for custom ddPCR probes in the follow up
of OC patient remains to be explored. Second weaknesses of this study
design: a retrospective study design for small sample size and no
scheduled CT scanning. However, ctDNA was detected in the plasma of
all patients with relapse and showed a significant difference compared
with CA125. In addition, neither ctDNA nor obvious tumor images in
contrast enhanced CT or PET-CT were detected in five non-relapsed
patients during the observation period. However, it is unclear if the
negative results in our study are reproducible. In addition, ctDNA may
not be constantly increasing in the positive cases (for example, Fig. 1
panel E). This inconsistency would be caused by the paucity of ctDNA
from small, early recurrent OC, indicating that frequent testing of ctDNA
with ddPCR may be necessary to precise diagnosis of recurrence of OCs.
We did not test multiple probes for the patients without recurrence.
Further studies are required to show the sensitivity and specificity of
ddPCR. This validation is critical if our approach for the detection of OC
recurrence can be applied to a larger number of patients and will be
highly useful in trials that link ctDNA as a biomarker to standard
treatment.

Finally, our study suggests that detection of tumor-specific ctDNA
fragments by ddPCR can be used in most of the major cancer treatment
centers and it is therefore feasible to proceed with a multi-center study
of this technology for improvement of prognosis of the ovarian cancers.
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