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Simple Summary: The standard of care for patients diagnosed with locally advanced esophageal
cancer is neoadjuvant chemoradiotherapy followed by surgery. There is a high clinical need to
monitor response to neoadjuvant treatment and recognize patients at risk for recurrence to enable
individual treatment strategies. Ultradeep sequencing-based detection of circulating tumor DNA in
preoperative plasma of patients with locally advanced esophageal cancer can predict which patients
have a high risk of recurrence after neoadjuvant chemoradiotherapy and surgery. Circulating tumor
DNA-based prediction of the presence of distant metastasis might eventually be used to reconsider
surgery and its associated morbidity in patients with detected circulating tumor DNA or stratify
patients for adjuvant treatment.

Abstract: Patients diagnosed with locally advanced esophageal cancer are often treated with neoad-
juvant chemoradiotherapy followed by surgery. This study explored whether detection of circulating
tumor DNA (ctDNA) in plasma can be used to predict residual disease during treatment. Diagnostic
tissue biopsies from patients with esophageal cancer receiving neoadjuvant chemoradiotherapy and
surgery were analyzed for tumor-specific mutations. These tumor-informed mutations were used
to measure the presence of ctDNA in serially collected plasma samples using hybrid capture-based
sequencing. Plasma samples were obtained before chemoradiotherapy, and prior to surgery. The as-
sociation between ctDNA detection and progression-free and overall survival was measured. Before
chemoradiotherapy, ctDNA was detected in 56% (44/78) of patients and detection was associated
with tumor stage and volume (p = 0.05, Fisher exact and p = 0.02, Mann-Whitney, respectively). After
chemoradiotherapy, ctDNA was detected in 10% (8/78) of patients. This preoperative detection
of ctDNA was independently associated with recurrent disease (hazard ratio 2.8, 95% confidence
interval 1.1–6.8, p = 0.03, multivariable Cox-regression) and worse overall survival (hazard ratio 2.9,
95% confidence interval 1.2–7.1, p = 0.02, multivariable Cox-regression).Ultradeep sequencing-based
detection of ctDNA in preoperative plasma of patients with locally advanced esophageal cancer may
help to assess which patients have a high risk of recurrence after neoadjuvant chemoradiotherapy
and surgery.

Keywords: esophageal cancer; circulating tumor DNA; neoadjuvant treatment; liquid biopsies;
next-generation sequencing
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1. Introduction

The incidence of esophageal cancer is rapidly growing in Western countries. It is a
highly lethal malignancy, causing over 500,000 annual deaths worldwide [1]. Only 30%
of patients with esophageal cancer qualify for curative treatment. The most common
strategy consists of neoadjuvant chemoradiotherapy (CRT) followed by radical surgery of
the esophagus and the surrounding lymph nodes [2,3]. Esophagectomy is associated with
high morbidity (60%) and mortality (5%) [4,5]. Although several studies demonstrate the
absence of residual tumor in the resection specimen after esophagectomy in up to 30% of
patients, selection of these ‘complete responders’ that probably do not benefit from surgery
remains a difficult challenge with current diagnostics [3]. On the other hand, despite
the multimodality treatment approximately 50% of patients will ultimately experience
recurrence and might benefit from adjuvant therapy [6]. Accurate biomarkers to monitor
response to the neoadjuvant treatment are unavailable, but could possibly contribute to
more individual treatment strategies, such as active surveillance in complete responders
(omission or postponement of esophagectomy), timely resection in patients with too little
benefit from CRT or even cancelation of resection because of high chance of metastatic
disease. Furthermore, prediction of patients at high risk of recurrence could select patients
for administration of adjuvant treatment after resection.

The presence of circulating tumor DNA (ctDNA) in blood offers a relatively noninva-
sive and real-time approach for monitoring of disease [7,8]. The use of ctDNA to measure
treatment response and prognosis has shown promise in various cancer types [9–11]. Yet,
the number of studies reporting on ctDNA analysis in esophageal cancer remains limited.
Large esophageal cancer cohort studies focus mainly on metastatic disease [12–14]. Fur-
thermore, several studies used techniques that lack the sensitivity required for response
monitoring in locally advanced patients [15–17]. Despite the high clinical need, evidence
for the clinical utility of ctDNA measurements in locally advanced esophageal cancer pa-
tients remains sparse, as most of these studies represent relatively small and heterogeneous
cohorts [18–24].

We studied the putative role of tumor-informed ctDNA analysis using ultradeep
sequencing to monitor disease in a large homogeneous cohort of patients with locally
advanced esophageal cancer receiving neoadjuvant CRT and surgery.

2. Materials and Methods
2.1. Patient and Sample Collection

In this observational study locally advanced esophageal cancer patients (cT2-3 with
any N and cT4N0) who underwent surgery in the Radboudumc between July 2017 and
April 2020 were consecutively enrolled. Both esophageal adenocarcinoma (EAC) and
esophageal squamous cell carcinoma (ESCC) patients were included. All patients received
neoadjuvant CRT, consisting of carboplatin and paclitaxel with concurrent 41.4 Gy radiation.
Patients did not receive adjuvant chemotherapy as this was not given as the standard of
care in the Netherlands during the study period. Longitudinal plasma samples were
obtained during treatment. Clinical data, like age, gender, cTNM and American Society
of Anesthesiology (ASA) score, were collected. For the estimation of tumor size before
treatment, the gross tumor volume (GTV, in cm3) was used that was calculated prior
to radiotherapy by drawing the primary tumor on each relevant slice of the planning
computed tomography (CT) scan [25]. Clinical response measurements were performed
by comparing positron emission tomography-CT (PET-CT) scans before and after CRT
according to Response Evaluation Criteria in Solid Tumors (RECIST) [26]. Follow-up
data were collected during three-monthly visits at the outpatient clinic. Survival data
were requested from the Netherlands Cancer Registry (NCR). The study was ethically
approved by the Internal Review Board of the Radboudumc (CMO 2017-3192). The study
meets the criteria of the code of proper use of human samples of the Netherlands and was
conducted in accordance with the Declaration of Helsinki. All patients provided written
informed consent.
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2.2. Tumor Tissue Analysis

For all patients, diagnostic tissue biopsies and resection specimen were obtained
and histologically evaluated for differentiation and histological subtype of the tumor by a
gastrointestinal pathologist (R.S.v.d.P.). Additionally, resection specimens were analyzed for
surgical margins, tumor diameter, pathological response and ypTNM status. Pathological
response was classified according to the Mandard tumor regression grading system [27].

For molecular analysis tumor DNA was isolated by microdissection from formalin-
fixed paraffin-embedded diagnostic biopsies using the Chelex-100 (Bio-Rad, Hercules, CA,
USA) method as previously described [28]. DNA concentrations were measured using the
Qubit Broad Range kit (Thermo Fisher, Waltham, MA, USA). Tumor tissue-derived DNA
(70 ng) was used for library preparation with a customized single-molecule molecular
inversion probe-based next-generation sequencing panel and paired-end sequenced with
2 × 150 cycles on a NextSeq 500 instrument (Illumina, San Diego, CA, USA) [29,30]. The
panel, covering 40 kb, consists of fifteen genes (APC, ARID1A, BRAF, CDKN2A, CTNNB1,
ERBB2, FBXW7, GNAS, KRAS, NRAS, PIK3CA, RNF43, SMAD4, TGFBR2 and TP53) and
56 mononucleotide repeat markers to measure microsatellite instability. This panel was
designed to cover regions with a high frequency of somatic mutations in gastrointestinal
tumors, with a focus on esophageal and colorectal cancer, based on available literature
and relevant databases (Catalogue of Somatic Mutations in Cancer (COSMIC) and The
Cancer Genome Atlas (TCGA) available via cBioPortal) [31,32]. Data were bioinformatically
analyzed using standard procedures, including bioinformatic exclusion of germline variants
using population databases and comparison of variant allele frequencies (VAFs) with
estimated tumor cell percentage [28–30].

2.3. Plasma Analysis

Blood samples were collected in special cell-free DNA (cfDNA) collection tubes (Roche,
Basel, Switzerland) and processed within four days using two centrifugation steps: first at
1600× g for 10 min to isolate plasma and subsequently at 16,000× g for 10 min to remove
cellular debris. Plasma was stored at −80 ◦C until further processing. Isolation of cfDNA
from 4 to 15 mL plasma was performed with QIAamp Circulating Nucleic Acid kit (Qiagen,
Hilden, Germany). DNA concentrations were measured using the Qubit High Sensitivity
kit (Thermo Fisher). cfDNA input ranged from 10–54 ng with a mean of 39 ng. Library
preparation was performed with the Twist Library Preparation Kit (Twist, San Francisco,
CA, USA) in combination with custom adaptors (IDT, Coralville, IA, USA) with dual index
and unique molecular identifiers (UMIs). A hybridization capture was performed on
the prepared libraries with a customized probe set (Twist) covering 117 kb, including all
regions covered by the tissue panel (Supplemental Table S1). Paired-end sequencing was
performed on a NovaSeq 6000 instrument (Illumina) using 2 × 150 cycles.

For the analysis BCL files were demultiplexed using bcl2fastq Conversion Software
(version 2.20, Illumina). Resulting FASTQ files were subsequently aligned to the hg19 refer-
ence genome using Burrow-Wheller Aligner (BWA; version 0.7.8 [33]). Aligned reads were
grouped and deduplicated using the read specific UMI information (FGBIO, version 0.8.1).
Unique reads that were based on only one UMI read (i.e., singletons) were discarded.
Samples were sequenced to a total mean depth of 48,680× and after deduplication and
filtering the mean depth was 3949×. To detect small somatic variants, variant calling
was performed on the filtered reads using Genomic Analysis ToolKit (GATK) Mutect2
(version 4.1.5.0, Broad Institute, Cambridge, MA, USA) and this was compared to the tu-
mor analysis. Only variants detected in tissue were retrieved from the variants called with
Mutect2 in plasma. All tumor-specific variants were also manually checked in Integrative
Genomics Viewer (IGV) (version 2.4, University of California, San Diego, CA, USA and
Broad Institute, Cambridge, MA, USA). Plasma from 22 healthy donors was used with Mu-
tect2 to create a panel of normals. For technical validation the 22 healthy plasma samples
were used for exclusion of platform and panel specific artifacts and estimation of variant
specific background noise. Based on an inhouse validation using artificial human control
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template DNA standards (SeraCare, Milford, MA, USA and Horizon Discovery, Cambridge,
UK) an optimum value for the limit of detection (LoD) and threshold were determined for a
specificity of 99%. A LoD was calculated for every variant by multiplying the mean variant
specific background noise by fifteen. Only variants with at least four mutant molecules
and a VAF higher than the LoD were designated as true variants. The height of the VAFs of
plasma variants were checked to exclude potential germline variants. Plasma samples with
at least one tumor-specific variant detected were called positive for ctDNA. The number of
mutant molecules per ml plasma was calculated with the mean mutant VAF, volume of
plasma used for isolation and the total number of cfDNA molecules.

2.4. Data Evaluation

Differences in tumor characteristics and clinical and pathological measurements were
compared using the Fisher exact test for categorical variables and the Mann-Whitney (rank
sum) test or Kruskal-Wallis test for continuous variables. Correlation was assessed using
Spearman rank correlation coefficient. For survival estimates we employed the Kaplan-
Meier method. Differences in survival were compared with the Cox Proportional Hazards
regression model to estimate regression parameters and hazard ratios (HR) with confidence
intervals (CI). Statistical tests were performed in IBM SPSS Statistics (version 25) and figures
were generated using R software (version 4.1.2) and GraphPad Prism (version 5.03). All
p-values were based on two-sided testing and p-values < 0.05 were considered significant.

3. Results
3.1. Patient Characteristics

Diagnostic tissue biopsies of 88 patients with locally advanced esophageal cancer, for
whom plasma samples prior to treatment (T0) and prior to surgery (T2) were available,
were analyzed for somatic mutations (Figure 1a). With a panel of 15 genes, a total of
132 tumor-specific mutations were detected in 78 of 88 tumors with on average two muta-
tions per tumor. Most mutations were found in TP53 (60%) and nine patients (12%) had a
microsatellite instable tumor (Supplemental Table S2 and Figure S1).

The 78 patients with tumor-specific mutations were included for ctDNA evaluation.
The median age of these patients was 67 years, and the majority of patients were male (77%)
(Table 1). All patients completed neoadjuvant CRT and underwent esophagectomy. The
majority of patients presented with suspected lymph node metastases (cN+) (65%). A total
of 68 patients presented with EAC (87%) and seven patients presented with ESCC (9%). In
total, 329 tissue and plasma samples were analyzed. Plasma samples were obtained prior
to treatment (T0), one or two weeks after initiation of CRT (on average eleven days after
initiation) (T1) and at day of surgical treatment (on average 113 days after initiation of CRT)
(T2) (Figure 1b).

3.2. ctDNA Detection Pre-CRT Was Associated with Tumor Burden

At least one tumor-specific mutation identified in the paired tissue analysis could
be detected in plasma pre-CRT (T0) in 56% (44/78) of patients ( Supplemental Table S2
and Figure S1). In these patients with detected ctDNA, 74% (64/87) of tumor-informed
mutations were detected. ctDNA was detected more often in patients with a more advanced
tumor stage (81% in IIIB vs. 17% in IB, p = 0.05, Fisher exact) and patients with detected
ctDNA had a significantly higher tumor volume (median 54 cm3 vs. 32 cm3, p = 0.02, Mann-
Whitney) (Table 1). Absolute ctDNA levels (mean mutant molecules per ml plasma) were
associated with tumor volume (ρ = 0.31, p = 0.01, Spearman rank) and were significantly
higher in patients with cN2 disease compared to cN0 (p = 0.02, Kruskal-Wallis) and patients
with ESCC compared to EAC, although ESCC numbers were small (p = 0.03, Mann-Whitney)
(Figure 2).
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Figure 1. Study design: (a) flow chart of patient inclusion; and (b) timeline of the study scheme with
timepoints of plasma collection pre-CRT (T0), during CRT (T1) and preoperative (T2).

Table 1. Clinicopathological characteristics of patients with locally advanced esophageal cancer
(n = 78). The total number of patients with plasma analysis and the ctDNA detection at T0 and T2 is
shown with a percentage. p-values were calculated using Fisher exact test and Mann-Whitney test.
American Society of Anesthesiology (ASA) score, circulating tumor DNA (ctDNA), chemoradiother-
apy (CRT).

Clinicopathological Characteristics All Patients
(n = 78)

ctDNA Pre-CRT (T0) (n = 78) ctDNA Preoperative (T2) (n = 78)

Negative Positive p-Value Negative Positive p-Value

Age, median (range) 67 (50–82) 68 (50–82) 65 (52–80) 0.27 67 (50–82) 64 (54–80) 0.42

Gender, n (%)
Male 60 (77) 24 (40) 36 (60)

0.29
55 (92) 5 (8)

0.38
Female 18 (23) 10 (56) 8 (44) 15 (83) 3 (17)
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Table 1. Cont.

Clinicopathological Characteristics All Patients
(n = 78)

ctDNA Pre-CRT (T0) (n = 78) ctDNA Preoperative (T2) (n = 78)

Negative Positive p-Value Negative Positive p-Value

ASA score, n
(%)

I 9 (12) 5 (56) 4 (44)

0.76

9 (100) 0 (0)

0.65II 46 (59) 19 (41) 27 (59) 40 (87) 6 (13)

III 23 (30) 10 (44) 13 (57) 21 (91) 2 (9)

cTNM stage
(7th edition), n
(%)

IB (cT2N0) 6 (8) 5 (83) 1 (17)

0.05

6 (100) 0 (0)

0.38

IIA (cT3N0) 20 (26) 9 (45) 11 (55) 18 (90) 2 (10)

IIB (cT2N1) 7 (9) 2 (29) 5 (71) 7 (100) 0 (0)

IIIA (cT2N2, cT3N1
or cT4N0) 29 (37) 15 (52) 14 (48) 27 (93) 2 (7)

IIIB (cT3N2) 16 (21) 3 (19) 13 (81) 12 (75) 4 (25)

Gross tumor volume (cm3),
median (range)

41 (7–174) 32 (7–174) 54 (14–117) 0.02 39 (7–174) 72 (40–88) 0.04

Subtype, n (%)

Adenocarcinoma 68 (87) 32 (47) 36 (53)

0.29

62 (91) 6 (9)

0.40

Squamous cell
carcinoma 7 (9) 1 (14) 6 (86) 5 (71) 2 (29)

Adenosquamous
carcinoma 2 (3) 1 (50) 1 (50) 2 (100) 0 (0)

Undifferentiated 1 (1) 0 (0) 1 (100) 1 (100) 0 (0)

Differentiation,
n (%)

Good-moderate 38 (49) 15 (40) 23 (61)

0.06

35 (92) 3 (8)

0.48Poor 35 (45) 19 (54) 16 (46) 31 (89) 4 (11)

Not determined 5 (6) 0 (0) 5 (100) 4 (80) 1 (20)

Follow-up progression free survival
(months), median (range) 28 (1–55) 26 (1–53) 30 (1–55) 0.55 29 (1–55) 6 (2–44) 0.12

Follow-up overall survival (months),
median (range) 30 (3–55) 29 (5–54) 32 (3–55) 0.90 32 (5–55) 14 (3–44) 0.07
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Figure 2. ctDNA levels pre-CRT (T0) and association with clinicopathological characteristics
(a) Comparison of number of mutant molecules per ml plasma with gross tumor volume in cm3.
Gross tumor volume of ctDNA negative samples is displayed in grey. Correlation was assessed
using Spearman rank correlation coefficient. Comparison of number of mutant molecules per ml
plasma with (b) suspected lymph node status and (c) pathological tumor subtype. Median and
interquartile range are shown. p-values were calculated using Kruskal-Wallis test and Mann-Whitney
test. Esophageal adenocarcinoma (EAC), esophageal squamous cell carcinoma (ESCC).

3.3. Preoperative ctDNA Detection Was Associated with Higher Risk of Recurrence

After neoadjuvant CRT, ctDNA was detected preoperatively (T2) in 18% (8/44) of
patients with, and in 0% (0/34) of patients without detected ctDNA pre-CRT (T0) (Figure 3a).
In patients with detected ctDNA, 100% (13/13) of tumor-informed mutations were detected.
No association was found between detection and levels of ctDNA at T2 and pretreatment
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tumor characteristics (Table 1), clinical response measurements based on PET-CT scans
prior to surgery and pathological response evaluation from resection specimen. However,
patients with detected ctDNA at T2 had a significantly higher risk of disease progression
(HR 2.6; 95% CI 1.1–6.3, p = 0.04, Cox-regression) and disease-specific death (HR 3.1,
95% CI 1.3–7.6, p = 0.01, Cox-regression) compared to patients with undetected ctDNA
levels at T2, independent of their ctDNA status at T0 (Figure 3b,c and Supplemental
Table S3). No difference was found in progression-free and overall survival for EAC
and ESCC patients. Postoperative lymph node status was associated with a higher risk
of disease progression and disease-specific death but detected ctDNA at T2 was shown
to be independently associated with worse progression-free and overall survival in a
multivariable Cox-regression analysis (Supplemental Table S3). ctDNA detection at T2 was
predictive of development of distant metastasis, which is exemplified by patient 120 who
had detected ctDNA at T2, had a complete response in the resection specimen including
negative postoperative lymph node status, but was diagnosed with liver metastases already
three months after surgery.
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Figure 3. ctDNA dynamics and survival analysis: (a) ctDNA levels pre-CRT (T0) and preoperative
(T2) combined with PET-CT response measurements and pathological response evaluation in grey.
Patients are sorted according to ctDNA levels at T0 and presence of ctDNA at T2; (b) the time to
progression (left panel) and progression-free follow-up (right panel); and (c) Kaplan-Meier analysis of
progression-free survival and overall survival dividing patients according to ctDNA dynamics. Red
ctDNA detected T0 and T2 (=positive T2); blue ctDNA detected T0, but not T2 (=cleared T2); grey
ctDNA not detected T0 and T2 (=negative T0). Positron emission tomography-computed tomography
(PET-CT), circulating tumor DNA (ctDNA).

3.4. ctDNA Dynamics during CRT Was Not Associated with Response

For 37 patients, which were enriched for those with detected ctDNA pre-CRT (T0), a
plasma sample collected one or two weeks after initiation of CRT (T1) was assessed and
compared to the clinical response measured before surgery and the pathological response
measured in the resection specimen from surgery approximately fourteen weeks later.
Neither the detection rate nor the levels of ctDNA differed among the different clinical and
pathological response groups (Supplemental Figure S2).

4. Discussion

In this study, we examined the clinical validity of ctDNA measurements to monitor
response and predict outcome in patients with locally advanced esophageal cancer that
underwent neoadjuvant CRT before surgery. With our sensitive sequencing approach
ctDNA was detected before neoadjuvant CRT in 56% of patients. After CRT ctDNA was
still detected in 10% of patients. This preoperative detection of ctDNA was independently
associated with disease progression (p = 0.03) and worse survival (p = 0.02).

As new treatment strategies are arising for patients with locally advanced esophageal
cancer, monitoring of response to neoadjuvant treatment and recognition of patients at
risk for recurrence need to be optimized to enable personalized treatment choices [34].
Few studies on ctDNA measurements in the neoadjuvant setting of esophageal cancer
patients have been reported [20–23]. Ococks et al. mainly focused on minimal residual
disease detection at the postoperative timepoint and did not use their post-CRT timepoint
to correlate ctDNA detection with recurrence [21]. Azad et al. specifically measured ctDNA
after neoadjuvant CRT before surgery in only 23 patients [20]. To our knowledge, our work
represents the largest cohort to investigate the prognostic value of ctDNA detection after
CRT in patients with locally advanced esophageal cancer and comprises a complete set of
tissue and plasma samples combined with clinical and pathological parameters.
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Prior to treatment we were able to detect ctDNA in 56% of patients with locally
advanced esophageal cancer. This percentage is consistent with other studies and confirms
that ctDNA detection in these patients is challenging [21,35]. This is in line with the finding
that localized esophageal tumors shed low levels of ctDNA in comparison to other localized
tumor types and that adenocarcinomas shed lower levels of ctDNA than squamous cell
carcinomas [20,36]. As such, in only a subset of patients the levels of ctDNA can be
monitored, indicating that ctDNA evaluations are not informative for every patient and
thus need to be combined with other modalities, like PET-CT measurements. Furthermore,
it also implies that ultrasensitive approaches, like we used here, are required for ctDNA
analysis in patients with locally advanced esophageal cancer.

In a multivariable analysis preoperative ctDNA detection was independently associ-
ated with disease recurrence and worse survival. Therefore, ctDNA detection may predict
outcome prior to surgical intervention and has additive value to current detection meth-
ods using PET-CT. Detection of ctDNA was also observed in patients with a complete
pathological response in the resection specimen that later developed distant metastases.
This indicates that detection of ctDNA at this time point is probably predictive for the
presence of occult distant metastasis. This is in line with previous literature describing that
ctDNA detection after CRT is stronger associated with distant metastasis than with local
recurrence [20,37]. When this observation is confirmed in other esophageal cancer studies,
ctDNA-based prediction of the presence of distant metastasis might eventually be used to
reconsider surgery and its associated morbidity in patients with detected ctDNA or stratify
adjuvant treatment.

ctDNA dynamics one or two weeks after initiation of CRT were not informative for
clinical and pathological response to treatment that was evaluated a few months later. Two
other studies performed serial ctDNA analyses during CRT in small cohorts of esophageal
cancer patients and found an association with response when measuring ctDNA levels after
approximately four weeks of neoadjuvant treatment [35,38]. However, as the neoadjuvant
treatment strategy in our cohort lasts only five weeks, we wanted to select an earlier
timepoint where treatment adaptation, such as cancelation of CRT, would still be possible.
Future large studies will have to explore the usefulness of early response monitoring at
different time points during neoadjuvant treatment in locally advanced esophageal cancer
patients [39].

A limitation of our study is that, although we used tumor-informed mutation analysis
with ultradeep sequencing to improve the sensitivity, ctDNA was still only detected prior
to treatment in approximately half of the patients. Usage of a larger gene panel could have
improved capturing the heterogeneous mutational landscape of esophageal cancers [23,40],
thereby increasing the chance that more positions in the genome could be interrogated in
the ctDNA which could increase sensitivity of the analysis. Copy number alterations are
frequently found in esophageal tumors but the tumor load of patients in this cohort was too
low for reliable copy number analysis in ctDNA [32,41]. For ctDNA evaluations to become
useful for all patients with locally advanced esophageal cancer perhaps a combinatorial
approach of different ctDNA detection options, like fragmentation and methylation analysis,
should be evaluated. Another limitation of our study is the collection of only one sample
during the neoadjuvant CRT. Additional timepoints were difficult to arrange for patients
receiving CRT in external hospitals. The timepoint of the sample that was collected during
CRT may have been too early to monitor treatment response. Moreover, the study comprises
a small number of patients with squamous cell carcinoma. We consecutively included
esophageal carcinoma patients irrespective of histological subtype as they all receive the
same treatment. Importantly, no differences were found in progression-free survival and
overall survival for the two subtypes.

Our results show that ctDNA detection during or after CRT using ultradeep sequenc-
ing in locally advanced esophageal cancer patients is not yet sufficiently sensitive to stratify
complete responders for active surveillance instead of surgery. However, preoperative
ctDNA detection may help to predict which patients have a high risk of recurrence and may
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benefit from adjuvant treatment. Interestingly, Kelly et al. recently reported disease-free
survival benefit of adjuvant nivolumab administration in esophageal cancer patients with
pathological residual disease after neoadjuvant CRT and surgery [34]. However, our results
suggest that adding ctDNA detection might identify patients with occult distant metastases
despite a local complete pathological response, who could also benefit from adjuvant
nivolumab treatment.

5. Conclusions

Tumor-informed ctDNA analysis in preoperative plasma of patients with locally
advanced esophageal cancer could be a promising tool to predict which patients have a
high risk of recurrence after CRT and surgery and can complement current modalities.
These findings need validation in larger prospective studies to establish the clinical utility
of ctDNA measurements to guide treatment decisions in patients with locally advanced
esophageal cancer.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14184417/s1, Table S1: Regions of interest of the custom
designed panel covering 117 kb used for ctDNA analysis; Table S2: Overview of sequencing results
of patient samples. For every patient (n = 78) the different mutations found in tissue are displayed
followed by the concordance with plasma at every timepoint (n = 193). Both mutation detection
with Mutect2 and IGV are shown. When a variant with at least four mutant reads is not designated
as a true variant because the VAF is below the LoD the VAF is displayed in red. Microsatellite
instability (MSI), Human Genome Variation Society (HGVS), variant allele frequency (VAF), limit of
detection (LoD); Table S3: Univariable and multivariable Cox-regression analysis of progression-free
and overall survival for age, subtype, ASA score, ctDNA detection at T0, PET-CT response, ctDNA
detection at T2, pathological response and postoperative lymph node status. Esophageal squamous
cell carcinoma (ESCC), esophageal adenocarcinoma (EAC), American Society of Anesthesiology
(ASA) score, circulating tumor DNA (ctDNA), pathological complete response (pCR), hazard ratio
(HR), 95% confidence interval (95% CI); Figure S1: Overview of all somatic mutations found in
tumor tissue of patients (n = 78). Different patients are shown horizontally and the tissue alterations
vertically with different colors. Clinical features are shown at the bottom. The top bar displays
the ctDNA levels (mutant molecules/mL plasma) of the tumor-informed mutations detected in the
paired pre-CRT plasma sample (T0). Patients are sorted according to ctDNA levels at T0 and presence
of ctDNA at T2. Red ctDNA detected T0 and T2; blue ctDNA detected T0, but not T2. Circulating
tumor DNA (ctDNA), microsatellite instability (MSI), esophageal adenocarcinoma (EAC), esophageal
squamous cell carcinoma (ESCC); Figure S2: ctDNA dynamics during treatment. ctDNA levels
pre-CRT (T0) and during CRT (T1) combined with PET-CT response measurements prior to surgery
and pathological response evaluation in grey. Patients are sorted according to ctDNA levels at T0 and
presence of ctDNA at T2. Red ctDNA detected T0 and T2; blue ctDNA detected T0, but not T2; grey
ctDNA not detected T0 and T2. Positron emission tomography-computed tomography (PET-CT).

Author Contributions: Conceptualization, L.S.M.H., L.M.G., R.S.v.d.P., B.R.K. and M.J.L.L.; Formal
analysis, L.S.M.H., M.J.G., D.v.R., S.H.T., M.M.W., C.G., T.H. and M.J.L.L.; Investigation, L.S.M.H.,
M.J.G., L.M.G., M.J.R.J., H.R., C.R., R.S.v.d.P., B.R.K. and M.J.L.L.; Methodology, L.S.M.H., M.J.G.,
D.v.R., S.H.T., M.M.W., C.G., T.H. and M.J.L.L.; Resources, L.S.M.H., M.J.G., L.M.G., M.J.R.J., H.R.,
C.R., R.S.v.d.P., B.R.K. and M.J.L.L.; Writing—original draft, L.S.M.H., B.R.K. and M.J.L.L.; Writing—
review & editing, M.J.G., D.v.R., S.H.T., M.M.W., C.G., T.H., L.M.G., M.J.R.J., H.R., C.R. and R.S.v.d.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Bergh in het Zadel foundation.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the Radboudumc (CMO 2017-3192).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that supports the findings of this study are available within
the paper and its supplementary information files or upon request.

https://www.mdpi.com/article/10.3390/cancers14184417/s1
https://www.mdpi.com/article/10.3390/cancers14184417/s1


Cancers 2022, 14, 4417 11 of 13

Acknowledgments: The authors thank the Radboudumc Technology Center Genomics and the
Netherlands Cancer Registry.

Conflicts of Interest: Marjolijn Ligtenberg received research funding from AstraZeneca, Bayer,
Bristol-Myers Squibb, GlaxoSmithKline, Janssen Pharmaceuticals, Lilly, Merck Sharp & Dohme,
Novartis and Roche. All these relations were not related to this study and were paid to the institution.
All other authors declare that they have no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Van Hagen, P.; Hulshof, M.C.; van Lanschot, J.J.; Steyerberg, E.W.; van Berge Henegouwen, M.I.; Wijnhoven, B.P.; Richel, D.J.;
Nieuwenhuijzen, G.A.; Hospers, G.A.; Bonenkamp, J.J.; et al. Preoperative chemoradiotherapy for esophageal or junctional
cancer. N. Engl. J. Med. 2012, 366, 2074–2084. [CrossRef] [PubMed]

3. Noordman, B.J.; Shapiro, J.; Spaander, M.C.; Krishnadath, K.K.; van Laarhoven, H.W.; van Berge Henegouwen, M.I.; Nieuwen-
huijzen, G.A.; van Hillegersberg, R.; Sosef, M.N.; Steyerberg, E.W.; et al. Accuracy of Detecting Residual Disease After Cross
Neoadjuvant Chemoradiotherapy for Esophageal Cancer (preSANO Trial): Rationale and Protocol. JMIR Res. Protoc. 2015, 4, e79.
[CrossRef] [PubMed]

4. Levinsky, N.C.; Wima, K.; Morris, M.C.; Ahmad, S.A.; Shah, S.A.; Starnes, S.L.; Van Haren, R.M. Outcome of delayed versus
timely esophagectomy after chemoradiation for esophageal adenocarcinoma. J. Thorac. Cardiovasc. Surg. 2020, 159, 2555–2566.
[CrossRef] [PubMed]

5. Seely, A.J.; Ivanovic, J.; Threader, J.; Al-Hussaini, A.; Al-Shehab, D.; Ramsay, T.; Gilbert, S.; Maziak, D.E.; Shamji, F.M.;
Sundaresan, R.S. Systematic classification of morbidity and mortality after thoracic surgery. Ann. Thorac. Surg. 2010, 90, 936–942;
discussion 942. [CrossRef]

6. Shapiro, J.; van Lanschot, J.J.B.; Hulshof, M.; van Hagen, P.; van Berge Henegouwen, M.I.; Wijnhoven, B.P.L.;
van Laarhoven, H.W.M.; Nieuwenhuijzen, G.A.P.; Hospers, G.A.P.; Bonenkamp, J.J.; et al. Neoadjuvant chemoradiother-
apy plus surgery versus surgery alone for oesophageal or junctional cancer (CROSS): Long-term results of a randomised
controlled trial. Lancet Oncol. 2015, 16, 1090–1098. [CrossRef]

7. Wan, J.C.M.; Massie, C.; Garcia-Corbacho, J.; Mouliere, F.; Brenton, J.D.; Caldas, C.; Pacey, S.; Baird, R.; Rosenfeld, N. Liquid
biopsies come of age: Towards implementation of circulating tumour DNA. Nat. Rev. Cancer 2017, 17, 223–238. [CrossRef]

8. Heitzer, E.; Haque, I.S.; Roberts, C.E.S.; Speicher, M.R. Current and future perspectives of liquid biopsies in genomics-driven
oncology. Nat. Rev. Genet. 2019, 20, 71–88. [CrossRef]

9. Abbosh, C.; Birkbak, N.J.; Wilson, G.A.; Jamal-Hanjani, M.; Constantin, T.; Salari, R.; Le Quesne, J.; Moore, D.A.; Veeriah, S.;
Rosenthal, R.; et al. Phylogenetic ctDNA analysis depicts early-stage lung cancer evolution. Nature 2017, 545, 446–451. [CrossRef]

10. Tie, J.; Wang, Y.; Tomasetti, C.; Li, L.; Springer, S.; Kinde, I.; Silliman, N.; Tacey, M.; Wong, H.L.; Christie, M.; et al. Circulating
tumor DNA analysis detects minimal residual disease and predicts recurrence in patients with stage II colon cancer. Sci. Transl.
Med. 2016, 8, 346ra92. [CrossRef]

11. Garcia-Murillas, I.; Schiavon, G.; Weigelt, B.; Ng, C.; Hrebien, S.; Cutts, R.J.; Cheang, M.; Osin, P.; Nerurkar, A.; Kozarewa, I.; et al.
Mutation tracking in circulating tumor DNA predicts relapse in early breast cancer. Sci. Transl. Med. 2015, 7, 302ra133. [CrossRef]
[PubMed]

12. Ko, J.M.Y.; Ng, H.Y.; Lam, K.O.; Chiu, K.W.H.; Kwong, D.L.W.; Lo, A.W.I.; Wong, J.C.; Lin, R.C.W.; Fong, H.C.H.; Li, J.Y.K.; et al.
Liquid Biopsy Serial Monitoring of Treatment Responses and Relapse in Advanced Esophageal Squamous Cell Carcinoma.
Cancers 2020, 12, 1352. [CrossRef] [PubMed]

13. Maron, S.B.; Chase, L.M.; Lomnicki, S.; Kochanny, S.; Moore, K.L.; Joshi, S.S.; Landron, S.; Johnson, J.; Kiedrowski, L.A.;
Nagy, R.J.; et al. Circulating Tumor DNA Sequencing Analysis of Gastroesophageal Adenocarcinoma. Clin. Cancer Res. 2019, 25,
7098–7112. [CrossRef] [PubMed]

14. Kato, S.; Okamura, R.; Baumgartner, J.M.; Patel, H.; Leichman, L.; Kelly, K.; Sicklick, J.K.; Fanta, P.T.; Lippman, S.M.; Kurzrock, R.
Analysis of Circulating Tumor DNA and Clinical Correlates in Patients with Esophageal, Gastroesophageal Junction, and Gastric
Adenocarcinoma. Clin. Cancer Res. 2018, 24, 6248–6256. [CrossRef] [PubMed]

15. Komatsu, S.; Ichikawa, D.; Hirajima, S.; Takeshita, H.; Shiozaki, A.; Fujiwara, H.; Kawaguchi, T.; Miyamae, M.; Konishi, H.;
Kubota, T.; et al. Clinical impact of predicting CCND1 amplification using plasma DNA in superficial esophageal squamous cell
carcinoma. Dig. Dis. Sci. 2014, 59, 1152–1159. [CrossRef]

16. Andolfo, I.; Petrosino, G.; Vecchione, L.; De Antonellis, P.; Capasso, M.; Montanaro, D.; Gemei, M.; Troncone, G.; Iolascon, A.;
Orditura, M.; et al. Detection of erbB2 copy number variations in plasma of patients with esophageal carcinoma. BMC Cancer
2011, 11, 126. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1056/NEJMoa1112088
http://www.ncbi.nlm.nih.gov/pubmed/22646630
http://doi.org/10.2196/resprot.4320
http://www.ncbi.nlm.nih.gov/pubmed/26121676
http://doi.org/10.1016/j.jtcvs.2019.09.169
http://www.ncbi.nlm.nih.gov/pubmed/31767364
http://doi.org/10.1016/j.athoracsur.2010.05.014
http://doi.org/10.1016/S1470-2045(15)00040-6
http://doi.org/10.1038/nrc.2017.7
http://doi.org/10.1038/s41576-018-0071-5
http://doi.org/10.1038/nature22364
http://doi.org/10.1126/scitranslmed.aaf6219
http://doi.org/10.1126/scitranslmed.aab0021
http://www.ncbi.nlm.nih.gov/pubmed/26311728
http://doi.org/10.3390/cancers12061352
http://www.ncbi.nlm.nih.gov/pubmed/32466419
http://doi.org/10.1158/1078-0432.CCR-19-1704
http://www.ncbi.nlm.nih.gov/pubmed/31427281
http://doi.org/10.1158/1078-0432.CCR-18-1128
http://www.ncbi.nlm.nih.gov/pubmed/30348637
http://doi.org/10.1007/s10620-013-3005-2
http://doi.org/10.1186/1471-2407-11-126


Cancers 2022, 14, 4417 12 of 13

17. Boldrin, E.; Curtarello, M.; Fassan, M.; Rugge, M.; Realdon, S.; Alfieri, R.; Amadori, A.; Saggioro, D. Allelic Imbalance Analysis
in Liquid Biopsy to Monitor Locally Advanced Esophageal Cancer Patients During Treatment. Front. Oncol. 2020, 10, 1320.
[CrossRef]

18. Luo, H.; Li, H.; Hu, Z.; Wu, H.; Liu, C.; Li, Y.; Zhang, X.; Lin, P.; Hou, Q.; Ding, G.; et al. Noninvasive diagnosis and monitoring of
mutations by deep sequencing of circulating tumor DNA in esophageal squamous cell carcinoma. Biochem. Biophys. Res. Commun.
2016, 471, 596–602. [CrossRef]

19. Ueda, M.; Iguchi, T.; Masuda, T.; Nakahara, Y.; Hirata, H.; Uchi, R.; Niida, A.; Momose, K.; Sakimura, S.; Chiba, K.; et al. Somatic
mutations in plasma cell-free DNA are diagnostic markers for esophageal squamous cell carcinoma recurrence. Oncotarget 2016,
7, 62280–62291. [CrossRef]

20. Azad, T.D.; Chaudhuri, A.A.; Fang, P.; Qiao, Y.; Esfahani, M.S.; Chabon, J.J.; Hamilton, E.G.; Yang, Y.D.; Lovejoy, A.;
Newman, A.M.; et al. Circulating Tumor DNA Analysis for Detection of Minimal Residual Disease After Chemoradiotherapy for
Localized Esophageal Cancer. Gastroenterology 2020, 158, 494–505.e6. [CrossRef]

21. Ococks, E.; Frankell, A.M.; Masque Soler, N.; Grehan, N.; Northrop, A.; Coles, H.; Redmond, A.M.; Devonshire, G.; Weaver, J.M.J.;
Hughes, C.; et al. Longitudinal tracking of 97 esophageal adenocarcinomas using liquid biopsy sampling. Ann. Oncol. 2021, 32,
522–532. [CrossRef] [PubMed]

22. Cabalag, C.S.; Yates, M.; Corrales, M.B.; Yeh, P.; Wong, S.Q.; Zhang, B.Z.; Fujihara, K.M.; Chong, L.; Hii, M.W.; Dawson, S.-J.; et al.
Potential Clinical Utility of a Targeted Circulating Tumor DNA Assay in Esophageal Adenocarcinoma. Ann. Surg. 2022, 276,
e120–e126. [CrossRef] [PubMed]

23. Bonazzi, V.F.; Aoude, L.G.; Brosda, S.; Lonie, J.M.; Patel, K.; Bradford, J.J.; Koufariotis, L.T.; Wood, S.; Smithers, B.M.;
Waddell, N.; et al. ctDNA as a biomarker of progression in oesophageal adenocarcinoma. ESMO Open 2022, 7, 100452. [CrossRef]
[PubMed]

24. Liu, T.; Yao, Q.; Jin, H. Plasma Circulating Tumor DNA Sequencing Predicts Minimal Residual Disease in Resectable Esophageal
Squamous Cell Carcinoma. Front. Oncol. 2021, 11, 616209. [CrossRef]

25. Burnet, N.G.; Thomas, S.J.; Burton, K.E.; Jefferies, S.J. Defining the tumour and target volumes for radiotherapy. Cancer Imaging
2004, 4, 153–161. [CrossRef] [PubMed]

26. Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.;
Mooney, M.; et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. J. Cancer 2009,
45, 228–247. [CrossRef] [PubMed]

27. Mandard, A.M.; Dalibard, F.; Mandard, J.C.; Marnay, J.; Henry-Amar, M.; Petiot, J.F.; Roussel, A.; Jacob, J.H.; Segol, P.;
Samama, G.; et al. Pathologic assessment of tumor regression after preoperative chemoradiotherapy of esophageal carcinoma.
Clinicopathologic correlations. Cancer 1994, 73, 2680–2686. [CrossRef]

28. Eijkelenboom, A.; Kamping, E.J.; Kastner-van Raaij, A.W.; Hendriks-Cornelissen, S.J.; Neveling, K.; Kuiper, R.P.; Hoischen, A.;
Nelen, M.R.; Ligtenberg, M.J.; Tops, B.B. Reliable Next-Generation Sequencing of Formalin-Fixed, Paraffin-Embedded Tissue
Using Single Molecule Tags. J. Mol. Diagn. 2016, 18, 851–863. [CrossRef]

29. De Voer, R.M.; Diets, I.J.; van der Post, R.S.; Weren, R.D.A.; Kamping, E.J.; de Bitter, T.J.J.; Elze, L.; Verhoeven, R.H.A.;
Vink-Borger, E.; Eijkelenboom, A.; et al. Clinical, Pathology, Genetic, and Molecular Features of Colorectal Tumors in Adolescents
and Adults 25 Years or Younger. Clin. Gastroenterol. Hepatol. 2021, 19, 1642–1651.e8. [CrossRef]

30. Steeghs, E.M.P.; Kroeze, L.I.; Tops, B.B.J.; van Kempen, L.C.; Ter Elst, A.; Kastner-van Raaij, A.W.M.; Hendriks-Cornelissen, S.J.B.;
Hermsen, M.J.W.; Jansen, E.A.M.; Nederlof, P.M.; et al. Comprehensive routine diagnostic screening to identify predictive
mutations, gene amplifications, and microsatellite instability in FFPE tumor material. BMC Cancer 2020, 20, 291. [CrossRef]

31. Cancer Genome Atlas, N. Comprehensive molecular characterization of human colon and rectal cancer. Nature 2012, 487, 330–337.
[CrossRef] [PubMed]

32. Cancer Genome Atlas Research Network; Analysis Working Group: Asan University; BC Cancer Agency; Brigham and Women’s
Hospital; Broad Institute; Brown University; Case Western Reserve University; Dana-Farber Cancer Institute; Duke University;
Greater Poland Cancer Centre; et al. Integrated genomic characterization of oesophageal carcinoma. Nature 2017, 541, 169–175.
[CrossRef] [PubMed]

33. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef] [PubMed]

34. Kelly, R.J.; Ajani, J.A.; Kuzdzal, J.; Zander, T.; Van Cutsem, E.; Piessen, G.; Mendez, G.; Feliciano, J.; Motoyama, S.; Lievre, A.; et al.
Adjuvant Nivolumab in Resected Esophageal or Gastroesophageal Junction Cancer. N. Engl. J. Med. 2021, 384, 1191–1203.
[CrossRef]

35. Egyud, M.; Tejani, M.; Pennathur, A.; Luketich, J.; Sridhar, P.; Yamada, E.; Stahlberg, A.; Filges, S.; Krzyzanowski, P.;
Jackson, J.; et al. Detection of Circulating Tumor DNA in Plasma: A Potential Biomarker for Esophageal Adenocarcinoma.
Ann. Thorac. Surg. 2019, 108, 343–349. [CrossRef]

36. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]

37. Vidal, J.; Casadevall, D.; Bellosillo, B.; Pericay, C.; Garcia-Carbonero, R.; Losa, F.; Layos, L.; Alonso, V.; Capdevila, J.;
Gallego, J.; et al. Clinical Impact of Presurgery Circulating Tumor DNA after Total Neoadjuvant Treatment in Locally Advanced
Rectal Cancer: A Biomarker Study from the GEMCAD 1402 Trial. Clin. Cancer Res. 2021, 27, 2890–2898. [CrossRef]

http://doi.org/10.3389/fonc.2020.01320
http://doi.org/10.1016/j.bbrc.2016.02.011
http://doi.org/10.18632/oncotarget.11409
http://doi.org/10.1053/j.gastro.2019.10.039
http://doi.org/10.1016/j.annonc.2020.12.010
http://www.ncbi.nlm.nih.gov/pubmed/33359547
http://doi.org/10.1097/SLA.0000000000005177
http://www.ncbi.nlm.nih.gov/pubmed/35737908
http://doi.org/10.1016/j.esmoop.2022.100452
http://www.ncbi.nlm.nih.gov/pubmed/35798469
http://doi.org/10.3389/fonc.2021.616209
http://doi.org/10.1102/1470-7330.2004.0054
http://www.ncbi.nlm.nih.gov/pubmed/18250025
http://doi.org/10.1016/j.ejca.2008.10.026
http://www.ncbi.nlm.nih.gov/pubmed/19097774
http://doi.org/10.1002/1097-0142(19940601)73:11&lt;2680::AID-CNCR2820731105&gt;3.0.CO;2-C
http://doi.org/10.1016/j.jmoldx.2016.06.010
http://doi.org/10.1016/j.cgh.2020.06.034
http://doi.org/10.1186/s12885-020-06785-6
http://doi.org/10.1038/nature11252
http://www.ncbi.nlm.nih.gov/pubmed/22810696
http://doi.org/10.1038/nature20805
http://www.ncbi.nlm.nih.gov/pubmed/28052061
http://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://doi.org/10.1056/NEJMoa2032125
http://doi.org/10.1016/j.athoracsur.2019.04.004
http://doi.org/10.1126/scitranslmed.3007094
http://doi.org/10.1158/1078-0432.CCR-20-4769


Cancers 2022, 14, 4417 13 of 13

38. Boniface, C.; Deig, C.; Halsey, C.; Kelley, T.; Heskett, M.B.; Thomas, C.R., Jr.; Spellman, P.T.; Nabavizadeh, N. The Feasibility of
Patient-Specific Circulating Tumor DNA Monitoring throughout Multi-Modality Therapy for Locally Advanced Esophageal and
Rectal Cancer: A Potential Biomarker for Early Detection of Subclinical Disease. Diagnostics 2021, 11, 73. [CrossRef]

39. Borggreve, A.S.; Mook, S.; Verheij, M.; Mul, V.E.M.; Bergman, J.J.; Bartels-Rutten, A.; Ter Beek, L.C.; Beets-Tan, R.G.H.;
Bennink, R.J.; van Berge Henegouwen, M.I.; et al. Preoperative image-guided identification of response to neoadjuvant chemora-
diotherapy in esophageal cancer (PRIDE): A multicenter observational study. BMC Cancer 2018, 18, 1006. [CrossRef]

40. Murugaesu, N.; Wilson, G.A.; Birkbak, N.J.; Watkins, T.B.K.; McGranahan, N.; Kumar, S.; Abbassi-Ghadi, N.; Salm, M.; Mitter, R.;
Horswell, S.; et al. Tracking the Genomic Evolution of Esophageal Adenocarcinoma through Neoadjuvant Chemotherapy. Cancer
Discov. 2015, 5, 821–831. [CrossRef]

41. Killcoyne, S.; Gregson, E.; Wedge, D.C.; Woodcock, D.J.; Eldridge, M.D.; de la Rue, R.; Miremadi, A.; Abbas, S.; Blasko, A.;
Kosmidou, C.; et al. Genomic copy number predicts esophageal cancer years before transformation. Nat. Med. 2020, 26, 1726–1732.
[CrossRef] [PubMed]

http://doi.org/10.3390/diagnostics11010073
http://doi.org/10.1186/s12885-018-4892-6
http://doi.org/10.1158/2159-8290.CD-15-0412
http://doi.org/10.1038/s41591-020-1033-y
http://www.ncbi.nlm.nih.gov/pubmed/32895572

	Introduction 
	Materials and Methods 
	Patient and Sample Collection 
	Tumor Tissue Analysis 
	Plasma Analysis 
	Data Evaluation 

	Results 
	Patient Characteristics 
	ctDNA Detection Pre-CRT Was Associated with Tumor Burden 
	Preoperative ctDNA Detection Was Associated with Higher Risk of Recurrence 
	ctDNA Dynamics during CRT Was Not Associated with Response 

	Discussion 
	Conclusions 
	References

