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• Post-surgical ctDNA detection is prognostic of reduced recurrence-free survival.
• Post-surgically, ctDNA detected relapse with 100% sensitivity and specificity.
• ctDNA detection preceded radiological findings by an average lead time of 10 months.
• The presence of ctDNA and not CA-125 was a strong predictor of relapse.
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Objective. Epithelial ovarian cancer (EOC) is themost lethal gynecologic malignancy.We examined the utility
of circulating tumor DNA (ctDNA) as a prognostic biomarker for EOC by assessing its relationship with patient
outcome and CA-125, pre-surgically and during post-treatment surveillance.

Methods. Plasma samples were collected from patients with stage I-IV EOC. Cohort A included patients with
pre-surgical samples (N= 44, median follow-up: 2.7 years), cohort B and C included: patients with serially col-
lected post-surgically (N = 12) and, during surveillance (N = 13), respectively (median follow-up: 2 years).
Plasma samples were analyzed using a tumor-informed, personalized multiplex-PCR NGS assay; ctDNA status
and CA-125 levels were correlated with clinical features and outcomes.

Results. Genomic profiling was performed on the entire cohort and was consistent with that seen in TCGA. In
cohort A, ctDNA-positivity was observed in 73% (32/44) of presurgical samples and was higher in high nuclear
grade disease. In cohort B and C, ctDNA was only detected in patients who relapsed (100% sensitivity and spec-
ificity) and preceded radiological findings by an average of 10 months. The presence of ctDNA at a single
timepoint after completion of surgery+/− adjuvant chemotherapy and serially during surveillancewas a strong
predictor of relapse (HR:17.6, p = 0.001 and p < 0.0001, respectively), while CA-125 positivity was not (p =
0.113 and p = 0.056).

Conclusions. The presence of ctDNA post-surgically is highly prognostic of reduced recurrence-free survival.
CtDNA outperformed CA-125 in identifying patients at highest risk of recurrence. These results suggest thatmon-
itoring ctDNA could be beneficial in clinical decision-making for EOC patients.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Epithelial ovarian cancer (EOC) is themost lethal gynecologicmalig-
nancy worldwide [1]. In the U.S., it is the fifth leading cancer type in
women, accounting for 5% of overall cancer-related deaths, with an es-
timated 19,880 new cases and 12,810 deaths in 2022 alone [2]. The poor
survival is largely driven by the advanced stages (III/IV) at which EOC is
diagnosed [3]. The 5-year survival rate decreases markedly with in-
crease in stage (stage I: 90%, stage II: 0–40%, stage III: 15–20%, stage
IV: <5%) [4] with the majority of patients recurring, despite achieving
complete remission with primary treatment [5].

The current standard of care (SOC) involves a combination of surgi-
cal debulking and platinum-based chemotherapy for patients with EOC
[4]. Classically, stage, cancer antigen-125 (CA-125) levels, radiologic re-
sponse, and presence of residual disease following cytoreductive sur-
gery were the main factors used for decision making regarding
duration of therapy anduse ofmaintenance therapy. Numerousmainte-
nance strategies have been evaluated, including systemic chemother-
apy [5] and vascular endothelial growth factor (VEGF) inhibition [6].
More recently, poly (ADP-ribose) polymerase inhibitors (PARPi) have
been introduced into the maintenance and treatment paradigm [7,8].
The magnitude of benefit with these strategies varies based on patient,
pathologic, and molecular characteristics.

While the approach to treatment selection has evolved, tools for
prognosis and prediction of treatment benefit have not. CA-125 levels,
physical exam, and imaging remain the standard for monitoring re-
sponse to treatment and detecting relapse [9]. Approximately 80% of
EOC will have elevated levels of CA-125 at diagnosis. While CA-125
specificity for detection of recurrence is high (91–100%) with a lead
time between 2 and 5 months, sensitivity varies widely (56–94%)
[10–14]. Similar wide ranges have been seen with computed tomogra-
phy (CT),with sensitivity ranging from47 to 75% and specificity ranging
from 78 to 87% [13,15]. Furthermore, neither imaging nor CA-125 for
early detection of recurrence has been found to improve clinical
outcomes.

Circulating tumor DNA (ctDNA) has emerged as a non-invasive bio-
marker that can detect residual disease at a molecular level months
ahead of radiological findings. Here, we investigated the clinical validity
of ctDNA for molecular residual disease (MRD) detection and to predict
recurrence during surveillance. We evaluated the association of ctDNA-
based MRD status with recurrence-free survival (RFS) and overall sur-
vival (OS, subset of Cohort A) in this study We also provide evidence
that detection of ctDNA demonstrates higher sensitivity and specificity
for recurrence thanmonitoring CA-125 levels and precedes radiological
findings.

2. Methods

2.1. Patients

This study included patients diagnosed with stage I-IV EOC from
University of California San Francisco (Cohort A), Columbia University
Irving Medical Center, University of Pittsburgh, and Stanford University
(Cohorts B and C). Archival plasma samples from pre-surgery were
available for Cohort A. Samples for cohorts B and C were serially col-
lected after surgery and during surveillance, respectively. This study
was conducted in accordance with the principles of the Declaration of
Helsinki and ICH guidelines for Good Clinical Practices. Written in-
formed consent was obtained from all participants included in the
study, prior to their enrollment. The study was approved by the corre-
sponding Internal Institutional ReviewBoards/Ethical Committees (pro-
tocol # AAAQ9869, 2016-437A and 33,540).

Cohort A included patients with either known ovarian, fallopian
tube, or peritoneal cancer or had an adnexal mass suspicious for malig-
nancy on imaging andultimately found to bemalignant. Cohorts B andC
consisted of patients with ovarian, fallopian tube, or peritoneal cancers
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enrolled following cytoreductive surgery (Cohort B; adjuvant setting)
or after the completion of adjuvant therapy (Cohort C; surveillance set-
ting). Patients in cohorts B and C were followed up every 3 months for
up to 40 months after the end of definitive therapy. In cohort B, the
first blood draw was collected 30 days after surgery. Blood samples
were collected at routine follow-up clinical visits.

All patients received treatment and follow-up in compliance with
the standard clinical practice, according to the primary oncologist's
choice and in the best interest of the patient. Collected sampleswere an-
alyzed retrospectively. Natera performed ctDNA analysis and remained
blinded to the clinical outcomes until reporting results to investigators.

2.2. Biospecimen collection and processing

Pre-surgical blood samples were collected in K2-EDTA 10 ml tubes
(Becton Dickinson) at UCSF. All blood samples were processed by dou-
ble centrifugation at room temperature, first for 10 min at 3000g,
followed by centrifugation of plasma for 10 min at 3000g. Plasma was
aliquoted into 5 ml cryotubes and stored at −80 °C. Up to 10 ml of
plasma per case was used for this study (range, 0.8–10 ml; median 4.3
ml) and cfDNA was extracted using the QIAamp Circulating Nucleic
Acid kit (Qiagen) and eluted into 50 μl DNA Suspension Buffer
(Sigma). Each cfDNA sample was quantified by Quant-iT High Sensitiv-
ity dsDNA Assay Kit (Invitrogen).

For patients with longitudinal blood samples a CLIA-validated Stan-
dard Operating Procedure was used. Specifically, tumor DNA was ex-
tracted from formalin-fixed and paraffin-embedded (FFPE) tissue from
the resected primary tumor for all patients. Blood samples were col-
lected once in a single 6 ml EDTA test tube for germline DNA analysis
and blood samples for cfDNA analysis were collected in two 10 ml
Streck tubes every 4 weeks, or at the time of imaging for patients off
treatment.

2.3. Development of tumor informed, personalized ctDNA assays

A personalized, tumor-informed,multiplex (m) PCRnext generation
sequencing (NGS) assay (Signatera™) was used for ctDNA detection
and quantification, as previously described.26 Briefly, whole exome
sequencing (WES)was performed on formalin fixed paraffin embedded
(FFPE) tumor blocks andmatched normal DNA blood samples. Libraries
were prepared using a median of 500 ng DNA and captured using
targeted exome capture with a custom capture probe set targeting
∼20,000 genes. Libraries were then sequenced to achieve the
deduplicated on-target average coverage of >180× for tumor tissue
and 50× for the associated matched normal sample. FastQ files were
prepared using bcl2fastq2 and quality-checked using FastQC. Reads
were mapped to the human reference genome hg19 using the
Burrows–Wheeler Alignment tool (v.0.7.12) and quality-checked
using Picard and MultiQC.

Based on the tissue sequencing results, 2–16 patient-specific somatic
clonal variants were selected for mPCR plasma testing. Subsequently,
cell-free DNA (cfDNA) was extracted from a median of 10 ml (range:
0.8–10 ml) of plasma using the QIAamp Circulating Nucleic Acid Kit
(QIAGEN). mPCR primers targeting the personalized SNV's were de-
signed, synthesized, and tested on an aliquot of cfDNA library, followed
by amplicon-based sequencing and an average NGS depth per amplicon
of >100,000× on an Illumina platform as previously described.26

Plasma samples with at least two variants detected were defined as
ctDNA-positive. ctDNA concentration was reported in mean tumor
molecules (MTM) per ml of plasma.

2.4. Statistical analyses

Wilcoxon rank sum test was used for continuous variables
(e.g., ctDNA levels) and Fisher's exact test for categorical variables
(e.g., grade and histology). Survival analyses were performed using
 ClinicalKey.com by Elsevier on August 15, 2023. For 
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Cox regression and were carried out in STATA 16.1 software
(StataCorp). All p-values were based on 2-sided testing, and differences
were considered significant at p ≤ 0.05.

3. Results

3.1. Patient cohort

Plasma samples were collected from a total of 69 patients. Histologic
subtypes included serous (N = 37), clear cell (N = 9), endometrioid
(N = 9), and other (N = 14). Median age of the entire cohort was
55.5 years (range 29–82 years). The study included three sub-cohorts
(A, B, and C) of patients. Cohort A consisted of 44 patients with only
pre-surgical plasma samples with a median follow-up of 2.7 years
(range: 0.08–16.7). Cohort B consisted of 12 patients with plasma sam-
ples collected post-surgically and serially (every 3 months) during and
after adjuvant therapy Cohort C consisted of 13 patients with plasma
samples collected serially (every 3 months) following completion of
definitive treatment (surgerywith/withoutACT) irrespective ofmainte-
nance therapy. The median follow-up for cohort B and C was 2 yrs.
(range: 0.3–4.6 yrs). Additional data regarding clinicopathological
features and post-surgical interventions are available in Table 1.

3.2. Genomic profiles of EOC patients

Analysis of tissue whole exome sequencing (WES) data was per-
formed to reveal genomic profile characteristics. Themost frequentmu-
tations identified were in the following genes: TP53, ARID1A, KRAS,
PIK3CA, EPPK1, BRCA2, BRAF, ATM, BRCA1, PTEN, and others associated
with cancer pathogenesis (Fig. 1). This profile was consistent with
those reported by The Cancer GenomeAtlas (TCGA) consortium charac-
teristics for EOC patients https://www.genome.gov/Funded-Programs-
Projects/Cancer-Genome-Atlas.

3.3. Association of pre-surgical ctDNA detection with clinical features and
patient outcomes (Cohort A)

In patients with pre-surgical plasma samples (Cohort A, n = 44),
high-grade serous ovarian cancer (HGSOC) was the most common his-
tological subtype 66% (29/44), followed by the endometrioid (11%; 5/
44), clear cell (7%, 3/44), and other epithelial subtypes (16%; 7/44).
ctDNA was detected in 73% (32/44) of pre-surgical samples with
Table 1
Patient Demographics and Baseline Characteristics.

Patient characteristics All patients n = 69, (%)

Median Age (at diagnosis) Median: 55.5 years (range 29–82 years)
Subtype
Serous 37 (54%)
Clear Cell 9 (13%)
Endometrioid 9 (13%)
Other 14 (20%)

Stage
I 17 (25%)
II 12 (17%)
III 26 (38%)
IV 3 (4%)
Unstaged 11 (16%)

Origin
Ovary 64 (93%)
Fallopian Tube 3 (4.3%)
Uterus 2 (3%)

Treatment
NACT + IDS 2 (3%)
PDS +/-ACT 44 (64%)
Unknown 23 (33%)

Abbreviations: NACT - neoadjuvant therapy, IDS - interval debulking procedure, PDS -
primary debulking procedure, ACT - adjuvant chemotherapy.
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detection rates of 69% (20/29) for HGSOC, 80% (4/5) for endometrioid,
and 100% (3/3) for clear cell histologies (Fig. 2A). ctDNA prevalence
and levels were more elevated in high-grade disease (Fig. 2B). Higher
ctDNA-positivity rates were also observed in advanced-stage (Stage
III/IV) vs. early-stage (Stage I/II disease (72% vs. 60%, respectively), how-
ever, the association was not statistically significant (p = 0.1). In addi-
tion, pre-surgical ctDNA detection rates and levels (MTM/ml) were
elevated in patients who experienced disease progression and died;
(ctDNA levels: p = 0.026) (Fig. 2C). A total of 41 patients from Cohort
A had clinical follow-up available (excluding the two patients that re-
ceived neoadjuvant therapy). In the ctDNA-positive group (n = 28),
43% of patients died of cancer compared to 18% in the ctDNA-negative
group (n = 11) (Fig. 2D). Median time to death was 2.5 years (range:
0.08–11.5).

3.4. ctDNA detection rates after surgical debulking and prior to adjuvant
therapy (Cohort B)

In cohort B, post-surgical ctDNA was detectable in 33% (4/12) of pa-
tients (Fig. 3A). Of these, 75% (3/4) of patients experienced radiologic
recurrence within a median time to recurrence of 19 months (range:
11–37) while only 13% (1/8) MRD-negative patients relapsed. MRD-
positive patients had a higher rate of recurrence, although the associa-
tion did not reach statistical significance (Fig. 3C). Only 3 patients
with plasma samples available before and after completion of adjuvant
chemotherapy (ACT) were MRD positive. Of these 3 patients, only one
cleared ctDNA during ACT with no evidence of disease on imaging,
while the other two remained positive and eventually progressed.

3.5. ctDNA detection rates following the completion of adjuvant therapy
(Cohorts B and C)

A total of 22 patients from cohorts B and C had ctDNA testing follow-
ing completion of primary therapy, whether surgery only or ACT
(Fig. 3A, B). Of these, 23% (5/22) of patients had detectable ctDNA
after completion of definitive therapy, all of whom experienced disease
progression (HR: 17.6, 95%CI: 3.2–97.4, p< 0.001) (Fig. 3D). Inclusive of
additional two patients who became ctDNA-positive during surveil-
lance (32%; 7/22), clinical progression was ultimately confirmed by im-
aging (p < 0.0001) (Fig. 3 E). Longitudinally, ctDNA was detected in
patients who experienced relapse with 100% sensitivity (7/7) and
100% specificity (15/15).

Signatera collectionwas continued on 4 patients with recurrence. Of
these 3 had imaging assessment at the time of last follow up. Two of
these remained ctDNA-negative after initiation of therapy and it corre-
lated with response by imaging. One patient experienced a transient
clearance and ctDNA became detectable 6 months prior to disease pro-
gression.

For patients from Cohorts B and C, we conducted a sub analysis of
patient-specific variants monitored in plasma to identify driver variants
implicated in EOC. The list of identified variants is provided in Supple-
mentary Table 1. Out of 7 relapsed patients, 5 had at least one driver var-
iant included in personalized ctDNA assay. While all the relapsed cases
(n = 5; 100% sensitivity) were identified with a personalized ctDNA
assay longitudinally, only 2 (40%) patients had at least one driver vari-
ant detectable in plasma at the timeof disease progression (Supplemen-
tary Fig. 1).

3.6. ctDNA, CA-125, and routine clinicopathological risk factors to predict
risk of recurrence

On comparing CA-125 status with ctDNA to predict risk of recur-
rence, association of CA-125 levels post-surgery, after ACT, or longitudi-
nally during surveillance were not prognostic in cohort B and C
(Fig. 4A). Furthermore, ctDNA was detectable on average 10 months
(range: 0–36 months) prior to clinical progression, while CA-125 levels
 ClinicalKey.com by Elsevier on August 15, 2023. For 
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Fig. 1. Genetic alterations most frequently observed in ovarian cancer patients. Individual cases (n = 65/69 patients had variants typically associated with ovarian cancer) grouped by
histological subtype are represented on the X axis, mutated genes on the Y-axis. The bar graph above shows the TMB (tumor mutational burden) for each patient, the bar graph on the
right represents the mutation frequency of each gene in this cohort. Green represents nonsense mutations, red – in frame indels, yellow – frameshift indels, blue – missense mutations,
orange – splice site and purple – silent variants.
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had amean lead time of only ∼1month (range: 0–17) (Wilcoxon signed
rank test; p < 0.05) (Fig. 4B).

We further assessed association of several clinicopathological risk
factors with RFS. After definitive therapy, ctDNA status was compared
with CA-125, histology (clear cell vs other), and stage (III, IV vs I, II)
using univariate and bivariate Cox regression analyses. Stage and
Fig. 2.A) Patient overviewplot representing association of pre-surgical ctDNA detectionwith cli
associationwith grade and disease progression (MannWhitney test). Forfigs. B and C, High rep
ctDNA-negative group was 2.9 years (range: 0.5–16.7 years), and for the ctDNA-positive group
plasma.
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ctDNA status were independently and significantly associated with
RFS (p=0.021 and p=0.003) and remained strong predictors in bivar-
iate analysis (adjusted HR: 19, 95%CI: 1.5–236.1, p = 0.022, and ad-
justed HR: 14.5, 95% CI: 1.3–156.2, respectively). We did not observe
significant association between CA-125 status or histology with RFS in
this dataset (Fig. 4C).
nical features and patient outcomes. B-E) Pre-surgical ctDNA detection rates and levels and
resents Grade 3, Low represents Grade 1 and 2. Themedian follow-up for Fig. 2 (D, E) in the
was 2.5 years (range: 1.6–11.5 years). MTM/ml indicates mean tumor molecules per ml of
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Fig. 3. A, B) Patient overview plot representing clinical follow-up for cohort B (adjuvant setting) and C (surveillance setting) Plasma samples were collected serially every 3 months for
evaluation of ctDNA and CA125 (patients 5–8 had a follow up of 55,44,49,45 months respectively). C-E) Association of recurrence-free survival with ctDNA. C) MRD-positive patients
had a higher rate of recurrence compared to ctDNA-negative. The median follow-up for Fig. 3C in the ctDNA-negative group was 34 months (range: 3–55 months) and in the ctDNA-
positive group was 14.5 months (range: 6–37 months). D, E) Kaplan-meir estimates representing the association of ctDNA status with RFS; D) at a single time point after completion
of definitive treatment, E) longitudinally.
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4. Discussion

4.1. Summary of main results

In this study we demonstrate that the detection of ctDNA following
debulking surgery or ACT is highly prognostic and ctDNA monitoring
during surveillance is feasible for early recurrence detection. We ob-
served that both detection and higher ctDNA levels in plasma prior to
surgery was associated with higher grade histology, stage, and in-
creased likelihood of mortality, which may help identify patients at
highest risk of recurrence (Fig. 2).

We report here that the majority of patients (75%, 3/4) with de-
tectable ctDNA after resection experienced disease recurrence com-
pared with only 13% (1/8) of MRD-negative patients, although this
association was not statistically significant. Larger sample set is
needed to formally evaluate the relationship between ctDNA detec-
tion at this timepoint and RFS. Presence of ctDNA in patient plasma
during surveillance (either at a single time point or longitudinally)
is significantly associated with markedly reduced RFS (single time
point: HR = 17.6, 95% CI: 3.2–97.4, p = 0.001 and longitudinal:
338
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p = 0.0001, respectively) (Fig. 3D, E). ctDNA status after definitive
therapy remained a significant prognostic factor when adjusting for
CA-125 status, histology, or stage. Additionally, sensitivity and spec-
ificity of ctDNA monitoring for relapse prediction were observed in
all patients (100%) with longitudinal monitoring (p < 0.0001)
(Fig. 3A, B). Due to the limited sample size, we were not able to per-
form a more comprehensive analysis including multiple risk factors;
however, our observations provide justification that further investi-
gation is warranted and suggest that ctDNA status may add impor-
tant insights to a patient's disease status and clinical outcomes.

On comparing CA-125 elevation and ctDNA detection for recurrence
monitoring, we found that CA-125was inferior in predicting recurrence
when assessed at a single time point after definitive treatment (p =
0.113 vs. p = 0.001) and longitudinally (p = 0.056 vs. p < 0.0001)
(Fig. 4A). ctDNA detection also preceded clinical relapse, on average
10 months ahead of radiological findings, compared to ∼1 month
when assessed by CA-125 status (Fig. 4B). Thus, monitoring ctDNA
post-surgery and every 3months during surveillance allowed detection
of MRD with higher sensitivity than CA-125 screening and ahead of
radiologic findings.
 ClinicalKey.com by Elsevier on August 15, 2023. For 
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Fig. 4. Association of recurrence-free survival (RFS) with ctDNA and CA-125 and lead time analysis relative to radiological imaging: A) Results of univariate Cox regression analysis for
ctDNA and CA125 status at different time points. B) Comparison of time to recurrence based on ctDNA (n= 8 patients) and CA-125 (n=7 patients) vs. radiological imaging. Y-axis rep-
resents time to recurrence inmonths from the first ctDNA detection to positive imaging for each patient with recurrence, regardless of adjuvant treatment status. C) Results of univariate
and bivariate Cox regression analysis for clinicopathological factors including ctDNA and CA125 status at single time point after completion of definitive treatment.
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4.2. Results in the context of published literature

Consistent with previously published studies across solid tumors
[16–18], our findings demonstrate that the absence of ctDNA following
primary treatment was associated with improved outcomes. Kim et al.
prospectively demonstrated ctDNA to be a potential tumor-specific bio-
marker for treatment response monitoring in HGSOC. Interestingly, the
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majority of studies to date have focused on analyzing themost common
somatic mutations characteristic of EOC, which includes the TP53
[19–21], PTEN [21], PIK3CA [21], and BRCA1/2 [22,23] genes. We ob-
served that exclusively targeting these and other driver variants such
as BRAF and ARID1A/B (Supplementary Table 1) would have resulted
in reduced sensitivity for MRD detection when analyzed longitudinally
i.e., 40% vs. 100% for a tumor-informed mPCR-NGS-based ctDNA assay
 ClinicalKey.com by Elsevier on August 15, 2023. For 
opyright ©2023. Elsevier Inc. All rights reserved.
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(Supplementary Fig. 1). Thus, the assessment of a single mutation or a
static panel of variants may not accurately reflect the residual disease
level, while a personalized, tumor-informed ctDNA assay focused on
the clonal variants may allow for higher precision when identifying
the presence of disease at the molecular level. Finally, with respect to
CA-125, our findings are also consistent with other studies demonstrat-
ing the poor sensitivity and specificity of CA-125 for recurrence detec-
tion. These findings illustrate the advantage of using ctDNA as a
predictive biomarker for early recurrence detection.

Assessment of ctDNA treatment response following adjuvant ther-
apy was prognostic. Of 5 patients who were MRD-positive after ACT,
all recurred (within 4 weeks = 1; < 6 months = 1; > 6 months = 3).
Whereas only 2 of 17 patients who were ctDNA-negative after ACT re-
curred, both >12 months from last platinum therapy. These results
highlight the potential utility of ctDNA analysis tomonitor patient treat-
ment response and make informed decisions about treatment efficacy
ahead of radiological assessment.
4.3. Strengths and weaknesses

The strength of the study is the use of prospective samples, serially
collected at scheduled intervals to demonstrate the potential of ctDNA
monitoring to identify recurrence and evaluate treatment effectiveness
in patients with EOC. Compared to CA-125, ctDNA analysis was found to
be more reliable and consistent at assessing treatment response and of-
fers a significant lead time in identifying clinical recurrencewith respect
to radiological imaging. Some of the limitations in this study include the
modest sample size, a heterogenous study population, and loss of
follow-up for some patients.
4.4. Implications for practice and future research

Historically, early recurrence detection using either second-look lap-
arotomy or CA-125 did not result in improved survival [24,25]. How-
ever, the evolution of maintenance strategies and newer therapies,
combined with a more sensitive and specific MRD technologies such
as Signatera, could provide an opportunity for early intervention, lead-
ing to a survival advantage as observed in other indications [17,26]. Lon-
gitudinal monitoring of ctDNA in the adjuvant and surveillance settings,
with a focus on MRD detection and recurrence prediction, can aid in
making timely decisions for personalized diseasemanagement, thereby
improving a patient's chances of survival as well as improving their
quality-of-life.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygyno.2022.09.004.
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