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Chapter 1  

Thesis rationale
Cancer is an insidious disease that can arise at an unpredictable time and location 
in the body. Too often, it is detected at a late stage when treatment options are 
limited and the chance of survival is poor. After the diagnosis of cancer has been 
made, monitoring the growth of tumours and determining prognosis remains a 
considerable challenge. Certain types of solid tissue cancer, such as melanoma 
and prostate, can be detected by visual and physical examination. For breast, 
colon and cervical cancer, population screening is widely used to detect early 
tumour development. For less accessible tissues such as the liver, pancreas 
and lungs, imaging techniques such as PET-CT, X-ray and ultra-sound are relied 
upon for initial tumour detection. Subsequently, a tissue biopsy of a suspected 
tumour is taken for pathological evaluation by morphology, often supported by 
immunohistochemistry and genetic analysis 1. Unfortunately, small tumours can 
be missed, while a biopsy only provides a partial view of the tumour’s pathological 
features. In addition, the invasive nature of any biopsy carries the risk of 
complications as well as causing pain and discomfort to the patient. 

Prior to this PhD project, breakthrough research had opened the way for a 
new approach to diagnose and monitor cancer. Recent technical advances had 
facilitated the detection in plasma of genetic material derived from tumours 2–4, 
allowing the indirect analysis of tumour genetics from a standard blood draw; the 
so-called ‘liquid biopsy’ 5.

This PhD thesis focuses on tumour DNA free in the blood, referred to as 
circulating tumour (ct)DNA. All malignant solid tumours in a patient’s body can 
theoretically shed ctDNA into the circulation, allowing cancer detection and a 
more complete picture of the tumour genetic burden. Importantly, the complete 
genetic heterogeneity in a single tumour could be represented in ctDNA, rather 
than only the part of the tumour analysed in a solid tissue biopsy. The minimally 
invasive nature of a blood draw reduces the burden on the patient and allows for 
more frequent sampling and ultimately a more flexible treatment regimen. It is 
conceivable to use ctDNA to inform the prognosis of a patient’s cancer, identify 
the most relevant treatment options and monitor the response of tumours to 
treatment over time. Liquid biopsy may also enable earlier detection of cancer 
than is currently possible. A patient’s chance of survival could be drastically 
increased by early intervention and their quality of life improved by a reduced 
treatment burden.

At the start of this project, the promise of ctDNA analysis had been demonstrated 
in research laboratories but it was not clear how it could be applied in a diagnostic 
setting. To be clinically informative, molecular diagnostic testing must be highly 
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reproducible, sensitive, specific and adhere to strict quality standards. However, 
important questions surrounded the suitability of ctDNA analysis to meet these 
requirements. Most challenging was the observation that ctDNA exists in a 
background of cell-free (cf)DNA shed from dead, previously healthy cells and 
tissues, complicating the detection of rare tumour-derived molecules. Numerous 
other clinical and technical variables throughout the implementation process 
had to be assessed, quantified and controlled to improve the reliability of ctDNA 
analysis for diagnostics.

Liquid biopsy is urgently needed to inform timely clinical decisions, allow selection 
of the most effective treatments and improve the efficient use of healthcare 
resources. The work described in this translational thesis is primarily intended 
to evaluate the initial implementation of ctDNA analysis in a clinical setting and 
assess the extent to which it may benefit patients. Through doing this, we also 
aimed to learn more about the nature of ctDNA to advance the field of liquid 
biopsy more broadly. 

Introduction to liquid biopsy 
Solid tumours can shed whole cells or parts of cells, such as DNA, RNA and 
proteins, into the blood stream. If these cellular components have characteristics 
associated with cancer, they could serve as circulating cancer biomarkers that 
could theoretically be detected and analysed. However, due to the high degree 
of similarity between tumour and healthy cells, cancer biomarkers can be 
challenging to identify. Reliable detection is further complicated by a typically 
low concentration in the circulation, which is often below the sensitivity limit of 
commonly used diagnostic tests. 

Depending on the context, non-genetic cancer biomarkers such as proteins are 
the easiest to detect in the blood and have thus been used as liquid biopsies in 
the clinic for some time. Notable examples are the prostate-specific antigen (PSA) 
for prostate cancer and the carcinoembryonic antigen (CEA) for colorectal cancer, 
both of which are routinely analysed during treatment 6,7. Although tests for these 
antigens are technically highly sensitive, their utility is limited by a weak correlation 
between PSA or CEA detection and the presence of progressive cancer 8,9. Protein-
based tests are therefore used as an indication of progressive disease but always 
require confirmation by other techniques such as imaging.

As cancer is the result of errors in DNA, arguably the most informative cancer 
biomarkers are genetic alterations such as point mutations, copy number 
aberrations (CNAs), translocations and aberrant methylation. Molecular techniques 
have typically lacked the sensitivity to reliably detect DNA or RNA mutations in 
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the circulation, requiring a solid tissue biopsy as the material for genetic analysis. 
However, recent technical advances have enabled the identification of genetic 
circulating cancer biomarkers with huge potential to improve cancer management. 
Notable among these are DNA and RNA in circulating tumour cells (CTCs) 5, DNA 
and micro RNAs (miRNAs) in extracellular vesicles (EVs) 10 and RNA in tumour-
educated platelets (TEPs) 11.

Cell-free (cf)DNA
Cell-free (cf)DNA is a by-product of dead cells, mostly healthy leukocytes, that have 
reached the end of their productive life and been eliminated by apoptosis 12,13. 
After cellular decomposition, cfDNA remains in the blood plasma until degradation 
by the DNase I enzyme, excretion by the kidneys into urine or removal through 
uptake by the liver and spleen and subsequent degradation by macropohages 14.

The existence of cfDNA was first described in 1948 but techniques sufficiently 
sensitive for reproducible analysis have only become available in recent years 14,15. 
One of the earliest diagnostic techniques was shallow whole genome sequencing 
(sWGS), a form of Next Generation Sequencing (NGS), to analyse relative copy 
number aberrations across the genome. The discovery in 1997 that cfDNA from a 
developing foetus could be detected in the blood of pregnant women led to Non-
Invasive Prenatal Testing (NIPT), the first major clinical use of cfDNA analysis 16. 
In NIPT, sWGS is used to screen cfDNA from maternal blood for foetal trisomies 
of chromosomes 13, 18 and 21, which cause Patau’s, Edwards’ and Down’s 
syndrome respectively 17. This form of prenatal screening is now performed in 
several developed countries, including in more than 42% of pregnancies a year in 
the Netherlands 18. 

By screening thousands of cfDNA samples from healthy pregnant women, 
genomic aberrations typically associated with cancer were incidentally discovered 
19. These chromosomal imbalances have led to the detection of pre-symptomatic 
cancer, suggesting a portion of their cfDNA came from a hidden tumour 19. In one 
exemplar report, several chromosomal imbalances were identified in a blood 
sample. Following physical examination and biopsy of an enlarged lymph node, 
a diagnosis of Hodgkin’s Lymphoma was made in this individual 20. These cases 
demonstrate that cfDNA from cancer can be present in the blood and is detectable 
using a clinically validated technique.

Circulating tumour (ctDNA)
Circulating tumour (ctDNA) is generally defined as the portion of cfDNA that 
contains cancer-associated mutations alterations. CtDNA is released mainly by 
apoptosis of cancer cells and to a lesser extent by necrosis and active secretion 12.  
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Unlike in NIPT, where the fetal fraction is typically around 10% at the time of 
sampling, the proportion of ctDNA in the circulation of cancer patients varies 
greatly and can be below 1% 21,22. This low fraction and the frequent lack of CNVs 
makes ctDNA technically challenging to distinguish from the healthy background.

Mutations
CtDNA is typically detected by analysis of cancer-associated alterations. However, 
mutation detection does not guarantee that ctDNA is present, as mutations 
associated with cancer frequently occur in non-cancerous cells 23. Conversely, the 
absence of a mutation does not guarantee the absence of ctDNA. An alternative 
way to characterise ctDNA is to analyse the fragment length, an approach known 
as fragmentomics. In living cells, nuclear DNA is wrapped tightly around histone 
proteins linked together like beads on a string. When a cell dies and breaks down, 
enzymes cut the DNA linking the histones. The DNA wrapped around histones 
is protected from degradation, resulting in fragments typically 166bp in length 
from healthy cells 24. In cancer cells, the DNA is usually wrapped differently around 
histones, giving a higher proportion of shorter fragments around 144bp in length 
24. Fragment length analysis combined with mutation or chromosomal aberration 
detection can therefore increase the confidence that a ctDNA fragment originates 
from a cancer cell.

Methylation
Another means to detect ctDNA independently of the nucleotide sequence is to 
determine the ctDNA methylation status. The addition of a methyl group to cytosine, 
mostly at CpG dinucleotides, functions as a regulator of gene expression. Cancer 
genomes have a characteristically different pattern of methylation across the 
genome compared to healthy cells, enabling its exploitation as a cancer biomarker. 
For example, hypermethylation in CpG-rich promotor regions can silence the 
transcription of tumour suppressors such as CDKN2A, RB and MLH1 25. Analysis of 
methylation status using methylation microarrays, quantitative methylation-specific 
PCR or bi-sulphite sequencing can detect ctDNA. Due to well characterised tissue-
specific methylation patterns, it is even possible to infer the cell type from which the 
ctDNA originated and thus infer the patient’s cancer type 26.

Liquids containing ctDNA
Blood has traditionally been used to study cancer biomarkers due to its 
accessibility, affordability of sampling and well-established use in clinical settings. 
However, other liquids outside of the circulation also contain detectable levels 
of ctDNA. Cerebrospinal fluid can be a rich source of ctDNA from neurological 
tumours, although it is less accessible and more invasive to collect compared to 
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blood 27. Some tissues can even be self-sampled away from the clinic, such as 
through cervical swabs for cervical cancer screening 28. Studies of urine and saliva 
have demonstrated the capacity of these fluids to carry ctDNA, with the advantage 
of entirely non-invasive collection outside the healthcare setting 29.

Tissue-guided ctDNA detection
A reliable way to detect ctDNA is to use previously identified point mutations, copy 
number aberrations and translocations from a patient’s solid tumour tissue to guide 
analysis.  Pathology departments routinely analyse tumour tissue of certain cancer 
types to identify mutations and chromosomal aberrations. These biomarkers can 
then be targeted in blood using highly sensitive and specific techniques. Comparative 
analyses have shown a high concordance between mutations in solid tissue and 
blood. In advanced non-small cell lung cancer (NSCLC) for example, concordance 
can be over 90% 30. The extent of concordance probably depends upon various 
technical factors including assay sensitivity and specificity, pre-analytical processing, 
as well as biological factors such as tumour: location, burden, tissue of origin, stage, 
aggressiveness, angiogenesis and metastatic behaviour.

Technical developments for ctDNA detection
Quantitative PCR
Sensitive and specific techniques are essential for the reliable detection of low 
concentrations of ctDNA in plasma. Traditional PCR followed by Sanger sequencing 
is a widely used molecular technique but can currently only detect the presence 
of minor alleles above 20% frequency and is not quantitative 31. A high proportion 
of DNA in a sample must therefore share a mutation to enable detection by this 
approach. This may be sufficient to detect clonal mutations in solid tumour tissue 
but not at a low frequency in cfDNA. Real-time quantitative PCR is highly sensitive 
and specific and is proven to be capable of identifying mutations in cfDNA down 
to a sensitivity of around 10% 32. The first mutation-specific liquid biopsy technique 
to receive FDA approval was the qPCR-based Cobas EGFR Mutation Test (Roche 
Diagnostics) for EGFR mutations in plasma from NSCLC patients 33. 

Digital PCR
Digital PCR has further increased analytical sensitivity by dividing a sample into 
thousands of smaller reactions in the same tube. Leading techniques are droplet 
digital (dd) and BEAMing (Beads, Emulsion, Amplification and magnetics) PCR, both 
of which use droplets of oil to partition the reaction. Different approaches are 
then used to analyse the reaction in the individual droplets to identify ctDNA down 
to a sensitivity of around 0.01-0.03% for BEAMing and 0.04-1% for ddPCR 34–36.  
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The highly targeted nature of these techniques makes them most effective when 
mutations are already known, or a specific clinically actionable mutation is under 
investigation. The useability and relatively low cost of ddPCR compared to BEAMing 
has made it one of the most adopted techniques for ctDNA point mutation analysis 
in the research setting.

Next Generation Sequencing - mutation detection
Next Generation Sequencing (NGS) allows a greater number and type of mutations 
to be targeted in a single assay. Several NGS assays that analyse mutations in 
one or more genes have received FDA approval for use in the clinic 37. Although 
generally less sensitive for individual mutations than ddPCR or BEAMing, the 
ability to interrogate many nucleotide positions increases the likelihood of 
detecting a point-mutation from a limited cfDNA input. Innovative methods of 
labelling individual cfDNA fragments combined with sophisticated computational 
techniques have further increased the sensitivity over recent years. However, 
NGS for mutation detection is a more expensive option that impedes large scale 
routine clinical implementation. 

Next Generation Sequencing - copy number analysis
Copy number analysis, on the other hand, offers a relatively cheap and quick option 
to screen for the presence of ctDNA in a sample. Studies have shown that copy 
number aberrations can be detected at a sensitivity of <1-5% in cancer patients 
38. A disadvantage is that high throughput copy number screening requires many 
samples per NGS run and a substantial investment in laboratory equipment and 
bioinformatic infrastructure, especially compared to ddPCR. Fortunately, this 
infrastructure already exists in hospitals that perform NIPT, lowering the barrier 
to implementation in this setting.
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Pre-analytical conditions
The often-low quantity of ctDNA in a blood sample requires the most sensitive assays 
to operate at their limit of detection in a background of non-cancer cfDNA. Dilution 
of the ctDNA fraction can be exacerbated by blood collection in EDTA-containing 
tubes, which are commonly used to collect blood for molecular analysis. The lack of 
a cellular preservative in EDTA-containing tubes can cause lysis of healthy leukocytes 
and the subsequent release of a high and unwanted background DNA from healthy 
cells into the sample. The result is a further dilution of the ctDNA fraction. Sensitivity 
can be improved by careful consideration of blood collection methods and other 
pre-analytics, the conditions under which samples are processed before analysis. 
The type of blood collection tube, the time and temperature of blood storage 
before plasma separation and the methods of cfDNA isolation are all important pre-
analytical conditions that must be controlled. These factors were not fully known 
at the start of this project. The work presented in this thesis includes testing and 
optimisation of these variables, an essential process to ensure reliable results.

Aim of this thesis
The aim of this thesis is to improve the pre-analytical and analytical conditions  
for ctDNA detection and develop assays to assess the feasibility of implementation 
in a clinical setting.

This aim is achieved through the following three-point strategy:

1. Set up and validate workflows for point mutation and copy number 
aberration (CNA) analysis to detect ctDNA (Figure 1)

a. Point mutations: Biobanked plasma from non-small cell lung cancer 
(NSCLC) and colorectal cancer (CRC) patients is used to set-up and 
evaluate a ddPCR workflow for mutation detection. (Pre)analytical 
variables such as blood sample collection and processing are optimised.

b. CNAs: Development of a PCR-free method for ctDNA copy-number 
analysis to assess its suitability for high-throughput clinical use in a 
sub-set of NSCLC and Lymphoma patients.
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2. Detect point mutations in ctDNA that were previously identifi ed in solid tissue 

a. Clinical and pathological information from the records of NSCLC 
patients is used to identify patients with a tumour that harbours EGFR
mutations. ddPCR is used to target these EGFR mutations in cfDNA.

b. Solid tissue from colorectal cancer patients selected for Cytoreductive 
surgery and hyperthermic intraperitoneal chemotherapy (CRS-HIPEC) is 
sequenced by NGS to identify mutations. These mutations are targeted 
in cfDNA using ddPCR.

3. Assess the utility of ctDNA detection to address real-world clinical needs. 
The trend between ctDNA detection and the following clinical characteristics 
is investigated: 

a. Tumour response to the EGFR-inhibitor osimertinib in NSCLC patients. 

b. Disease recurrence in colorectal cancer patients eligible for CRS-HIPEC.

Figure 1. A graphical abstract of the analysis workfl ow. Graphics created with BioRender.com.
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Abstract
Background
Liquid biopsies could improve diagnosis, prognostication, and monitoring of 
colorectal cancer (CRC). Mutation, chromosomal copy number alteration, and 
methylation analysis in circulating tumor DNA (ctDNA) from plasma or serum 
has gained great interest. However, the literature is inconsistent on preferred 
candidate markers, hampering a clear direction for further studies and clinical 
translation. This review assessed the potential of ctDNA analysis for clinical utility.

Methods
A systematic review according to the Preferred Reporting Items for Systematic 
Reviews and Meta-analyses guidelines was conducted up to December 3, 2018, 
followed by methodological quality assessment. Primary endpoints were accuracy 
for detection, prognostication, and monitoring.

Results
Eighty-four studies were included. For CRC detection, sensitivity was 75% using 
ctDNA mutation analysis and up to 96% using copy number analysis. Septin 9 
(SEPT9) hypermethylation analysis showed sensitivities of 100% and specificities 
of 97%. Regarding prognostication, ctDNA KRAS mutations were associated with 
oncological outcome and could predict response to anti–epidermal growth factor 
receptor therapy. For monitoring, sequential ctDNA KRAS mutation analysis 
showed promise for detection of relapses or therapy resistance.

Conclusions
This comprehensive overview of ctDNA candidate markers demonstrates SEPT9 
methylation analysis to be promising for CRC detection, and KRAS mutation analysis 
could assist in prognostication and monitoring. Prospective evaluation of marker 
panels in clinical decision making should bring ctDNA analysis into practice.
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Colorectal cancer (CRC) is the third most common cancer in the Western world (1,2) 
and the incidence is still rising (3). In recent decades, oncological outcomes have 
improved because of the implementation of screening programs, improvement of 
surgical procedures, and introduction of novel systemic regimens. However, CRC 
is still the second leading cause of cancer-related death (1,2). Further innovation 
is needed to improve diagnosis, patient-specific treatment selection, and disease 
monitoring.

The stage of disease at diagnosis is the most important prognostic factor for 
survival in CRC (4). It is therefore of utmost importance to detect CRC at an early 
stage, which requires improved screening approaches. The value of current 
screening methods is hampered by the low sensitivity of the fecal occult blood 
test (FOBT) and the invasive nature and costs of colonoscopy (5).

A second challenge concerns selection of the most suitable treatment, warranting 
better prognostic markers. The current decision process for systemic therapy is 
largely based on clinicopathological characteristics, leaving a substantial number 
of patients under- or overtreated. Genetic subtyping (6) and expression profiling (7) 
enhance patient selection. However, improved approaches are needed to further 
subclassify patients by their risk of recurrence and suitability for adjuvant therapies.

A third major area of interest is disease monitoring after initial curative treatment 
or during systemic therapy. Up to 40% of CRC patients will experience disease 
recurrence despite curatively intended treatment (8). Unfortunately, recurrences 
are often detected at advanced stages, excluding these patients from potentially 
curative rescue treatments. Current follow-up consists of serial carcinoembryonic 
antigen (CEA) measurements in serum, imaging, and colonoscopy (9). Unfortunately, 
the value of CEA for follow-up is limited by its low accuracy (10,11), with only 
marginal benefit observed when combined with computed tomography (CT) scans 
(12). The value of CT imaging is limited to the detection of large lesions, illustrated 
by a sensitivity of 11% for nodules smaller than 5 mm (13). Colonoscopy provides 
a high level of sensitivity (>95%) but can evaluate only endo luminal disease (5). 
These issues stress the urgent clinical need for a robust and noninvasive diagnostic 
marker facilitating CRC detection and prediction of treatment response.

Liquid biopsies are a rapidly developing field of research focused toward the 
analysis of cancer biomarkers isolated from nonsolid tissues. Various tumor-derived 
products can be detected in blood, including circulating tumor cells, circulating 
tumor DNA (ctDNA), circulating RNAs, exosomes, and tumor educated platelets 
(14–16). Of these tumor-derived products, ctDNA has been investigated most 
extensively and has shown promising accuracies for cancer detection (17–20). These 
DNA fragments originate from tumor cells and are released into the circulation 
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through apoptosis, necrosis, and secretion (17). Accordingly, tumor-specific (epi-)
genetic alterations such as driver mutations, chromosomal copy number alterations 
(CNAs), and methylation can be detected in ctDNA and could be of high value for 
cancer detection, prognostication, and treatment monitoring (17–20).

The primary challenge of ctDNA analysis is to detect tumor-derived molecules in 
a high background of cell-free DNA (cfDNA) from healthy cells. Currently, ctDNA 
detection techniques mainly revolve around real-time polymerase chain reaction 
(PCR) and sequencing approaches (14,15). Allele-specific quantitative PCR has a 
high sensitivity for ctDNA detection, with a detection limit of 0.014–0.004% (21). 
Emulsion PCR methods such as droplet digital PCR (ddPCR) and beads, emulsion, 
amplification, and magnetics are most sensitive, with a detection limit of 0.01–
0.001% (22,23). The disadvantage of PCR-based methods is the limited number 
of foci that can be assessed, relying on the initial identification of patient-specific 
solid-tumor tissue alterations. Sequencing platforms including next-generation 
sequencing (NGS) allow for broader genomic coverage. However, this method is 
time consuming and expensive, hampering clinical implementation. An overview 
of the main methods to detect ctDNA is depicted in Figure 1.

Several Food and Drug Administration (FDA)–approved assays are commercially 
available for ctDNA-based cancer diagnostics, including a PCR kit for detection 
of epidermal growth factor receptor (EGFR) mutations in non-small cell lung 
cancer patients (Cobas v2) (24) and a PCR assay measuring methylated SEPT9 
in blood to detect CRC (Epi ProColon) (25). Copy number analysis of circulating 
DNA is currently routine diagnostic practice in several countries, including the 
Netherlands, for noninvasive prenatal testing (26). Numerous studies claim a 
potential clinical role for ctDNA, but the diverse and sometimes contradictory 
results and recommendations hamper widespread translation into daily practice 
of CRC patients. Therefore, the aim of this study is to systematically review the 
current literature on the potential role of ctDNA mutation, copy number, and 
methylation analysis for CRC diagnosis, prognostication, and monitoring.
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Figure 1. The three types of circulating tumor DNA aberrations covered in this review. For every DNA 
aberration, commonly used techniques to determine its presence in plasma or serum are depicted. PCR 
= polymerase chain reaction.

Materials and Methods
Search Strategy
A systematic literature review was conducted according to the Preferred Reporting 
Items for Systematic Reviews and Meta-analyses statement (27). Systematic searches 
were performed in the bibliographic databases PubMed, Embase.com, and Clarivate 
Analytics/Web of Science up to December 3, 2018, by SB, NRS, and JCFK (Supplementary 
Table 1). The search query included indexed terms and free-text words for “DNA” and 
“variation” or “methylation” and “blood” or “serum” and “colorectal cancer.”

Study Selection
Screening and study selection was independently performed by three reviewers 
(JMM, NRS, SB). If necessary, articles were discussed to achieve consensus. All full-
text articles in English, Dutch, French, German, or Russian on ctDNA mutation, 
copy number, or methylation analysis in the serum or plasma of CRC patients 
were considered eligible. Human studies assessing therapy-naive patients 
with a minimum age of 18 years that allowed determination of sensitivity were 
included. Literature reviews, case reports, and studies in which ctDNA analysis 
was performed in fewer than 10 CRC patients or in patients with hereditary CRC 
or inflammatory bowel disease were excluded. If overlapping data were reported, 
either the most recent study or that with the most complete data on our outcomes 
of interest was included.
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Data Extraction
Primary outcomes were sensitivity and specificity of ctDNA analysis for CRC detection, 
subdivided according to several clinical settings: diagnosis, prognostication, and 
monitoring. Sensitivity was defined as the percentage of CRC patients in whom a 
specific ctDNA aberration was detected. Specificity was defined as the percentage 
of healthy control individuals without detected ctDNA. Additionally, the technical 
concordance was extracted, defined as the percentage of agreement between 
ctDNA and solid-tumor tissue analysis. Data on single mutations in sequencing 
panels were extracted if two or more studies reported this mutation.

Quality Assessment
Risk of bias assessment of all included studies was independently performed by 
three reviewers (JMM, NRS, SB). Risk of bias was scored as low, high, or unclear using 
the validated Quality Assessment of Diagnostic Accuracy Studies 2 tool (QUADAS-2) 
(28). Custom criteria were created, and agreement among reviewers was initially 
determined in a pilot of 10 studies. Disagreement was resolved by discussion 
with all reviewers present (JMM, NRS, SB). To ensure high-quality assessment of 
the described literature, articles were excluded from further analysis in case one 
domain was scored as “high” in combination with “unclear” or “high” risk at a second 
domain of the QUADAS-2. Review Manager 5 software (The Nordic Cochrane Centre, 
Copenhagen, Denmark) was used for managing the QUADAS-2 results.

Results
The search identified 8478 eligible abstracts. After removal of duplicates, 5567 
studies were excluded by title and abstract screening. Subsequently, 382 articles 
were excluded by full-text evaluation, leaving 134 studies, all in English, for risk of 
bias assessment. Figure 2 depicts the study selection procedure.
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Figure 2. The Preferred Reporting Items for Systematic Reviews and Meta-analyses flowchart for inclusion 
of the studies. The risk of bias assessment using the Quality Assessment of Diagnostic Accuracy Studies 
2 (QUADAS-2) was incorporated in the flowchart. CNA = copy number alteration; CRC = colorectal cancer; 
ctDNA = circulating tumor DNA.

Fifty studies were excluded based on quality assessment using QUADAS-2, leading 
to the inclusion of 84 studies. The majority of studies (123 of 134) scored unclear 
or high risk of bias on at least one domain, mainly study design or index test. 
Only 11 studies scored low risk on all domains (29–39). Most papers scored low 
risk on applicability concerns, reference standard (histological assessment), and 
flow and timing. The main findings of the risk of bias assessment are depicted in 
Supplementary Figures 1, A and B (detailed overview, available online).

An overview of the clinical implications with the main markers of interest is 
provided in Figure 3.
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Figure 3. A graphical overview of the evidence for circulating tumor DNA (ctDNA) use in clinical practice. 
The most promising markers are presented for each clinical implication. Markers considered to be of 
special interest are underlined. Other markers depicted in the figure are promising but require further 
research. CNA = copy number alteration.

Accuracy of ctDNA Analysis for CRC Diagnosis
Current screening methods consist of FOBT and colonoscopy and have an overall 
sensitivity of 51% for individuals experiencing clinical symptoms and 19% at earlier 
stages (40). The present section describes ctDNA aberrations that could aid in CRC 
detection. Tables 1 and and 2 present an overview of the identified candidate 
mutation and methylation markers (Table 1) and CNAs (Table 2) in ctDNA with 
sensitivities per stage, specificities, and concordance rates.
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Table 1. An overview of the sensitivity and specificity for CRC detection of all ctDNA mutation, hypermeth-
ylation, and hypomethylation markers included in this review*

Marker Sensitivity Specificity Concordance 
with primary 

tumor
Stage 

I
Stage 

II
Stage 

III
Stage 

IV
Stage not 
reported

 

Mutation

APC (41–48) 0–50% 6–57% 3–46% 15–75% 14–18% NA 16–100%

BRAF  
(34,35,42, 
45,48–53)

50% 0–9% 33% 3–29% 2–12% NA 33–100%

ERBB2 (44,54) NA 5–9% NA NA

KRAS 
(32,34,35,41–

46,48–53,55–64)

0–67% 3–46% 5–50% 5–73% 8–71% 70–100% 25–100%

NRAS (35,52) NA 12% NA 100%

PIK3CA 
(44,45,48,49,51)

NA 19% 0–21% NA 0%–100%

tp53 (41–46,48) 0–25% 22–30% 17–49% 38–67% 6–50% 100% 14–100%

Hypermethylation

AKAP12 (65) NA 48% 92.0% NA

ALX4 (66–70) 75% 83% 82% 100% 29–83% 66–99% NA

30% 60%

APC (67,71–74) 24% 60% 54% 20–57% 68–100% 50%

BCAT1 (31,75) 21% 62% 68% 81% 57–65% 95–97% NA

BMP3 (67) NA 29% 89% NA

BNC1 (67) NA 12% 87% NA

BRCA1 (67) NA 25% 78% NA

CDH1 (72) NA 60% 84% NA

CDH4 (76) NA 70% 100% 83%

CDKN2A 
(55,67,71,77–79)

15% 50–67% 50–67% 10–75% 9–61% 70%–96% 70–82%

CRABP1 (75,80) NA 50% NA NA

DAPK1 (72) 50.0% NA 74% 80%

DLC1 (81) 36% 48% 42% 91% NA

ERCC1 (82) 60% NA NA 93% 90%

EYA4 (80) NA 50% NA NA

FBN2 (83) 9% 7% 8% NA 9% NA 8%

FGF5 (75) NA 85% 83% NA

FHIT (72,74) NA 20–50% 84% 40%

GATA5 (84) 46% 83% 61% NA NA

GRASP (75) NA 54% 93% NA
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Marker Sensitivity Specificity Concordance 
with primary 

tumor
Stage 

I
Stage 

II
Stage 

III
Stage 

IV
Stage not 
reported

 

HIC1 (67)     6% 99% NA

HLTF (67,85–89) 8–20% 15–16% 9–16% 24–47% 11–30% 96–100% 41–42%

hMLH1 (67,77,89) 27% 0–24% 25–27% 12–40% 16–29% 100% 33%

HPP1 (85,87–90) 3–7% 0–6% 5–9% 52–53% 13–72% NA 56%

IKZF1 (31,75) 28% 41% 55% 94% 48–68% 95–99% NA

IRF4 (75) NA 59% 96% NA

ITGA4 (84) 24% 54% 37% 81% NA

LRR3CB (74) NA 15% NA 23%

MAL (80)     50% NA NA

MGMT (67,82) 58% NA 6% 95–99% 94%

MLH1 
(67,77,89,91)

NA 45% 57% 33%

NELL1 (80)    NA 33% NA NA

NDRG4 (67,92) 54% 56% 9–55% NA NA

NEUROG1 (67,87) 31% 28% 26% 20% 21–26% NA NA

NGFR (93) 20% 25% 36% 36% 38% 91.4% NA

NPTX2 (67) NA 70% 41% NA

OSMR (67,94) 74% 77% 11–75% 86–93% 79%

p73 (77) NA 25% NA NA

PCDH10 (36) 71% 54% 63% NA 67%

PDX1 (75) NA 45% 70% NA

PHACTR3 (67) NA 15% 94% NA

PPENK (67) NA 10% 96% NA

RAR-β (67)     25% 30%  

RASSF1A (67,73) 14% 47% 45% 11–34% 84–100% NA

RUNX3 (95) 33% 50% 42% 100% NA

SDC2 (67,75) NA 24–59% 84–94% NA

SEPT9  
(25,29,30,32, 
33,66,67,75,  

80,93,94,96–107)

14–84% 50–100% 38–100% 68–100% 24–96% 73–97% 80–88%

20–57% 52–70%

64% NA

SFRP1 (67)     22% 93%  

SFRP2 (67,84) 42% 71% 20–54% 72–82% NA

SHOX2 (103) NA 44% 21% NA NA

SMAD4 (72) NA 52% 64% NA

SOX21 (75) NA 80% 50% NA
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Marker Sensitivity Specificity Concordance 
with primary 

tumor
Stage 

I
Stage 

II
Stage 

III
Stage 

IV
Stage not 
reported

 

SPG20 (67) NA 16% 82% NA

SST (67,80) NA 30–50% 69% NA

TAC1 (67,80) NA 50–53% 53% NA

TFPI1 (108) NA 7% 98% NA

FPI2 (67) 0% 10% 13% 58% 18% 100% NA

THBD (67) NA 10% 99% NA

TMEFF2 (66,93) 5% 22% 47% 45% 30–71% 90–95% NA

VIM (67,109,110) 50–52% 55–67% 40% 86% 18–71% 60–93% 78%

WIF1 (67) NA 10% 96% NA

WNT5A (67) NA 6% 95% NA

Hypomethylation

CBS (111) NA 56% NA NA

LINE-1 (112) 63% 68% 66% 90% NA

Panels

Hypermethyla-
tion: ALX4 + BMP3 
+ NPTX2 + RARB 

+ SDC2 + SEPT9 + 
VIM + female sex 

+ age>66 (67)

89% NA 91% 73% NA

Mutations: se-
quencing panel 
including TP53 + 
APC + KRAS (45)

NA 100% NA NA

Mutations: APC + 
KRAS + TP53 (46)

0% 22% 49% 67% 35% 100% 46%

Hypermethyla-
tion: APC + MGMT 
+ RASSF2A + Wif-1 

(86)

87% NA 92% NA

Hypermethyl-
ation: BCAT1 + 

IKZF1 (38)

41% 76% 59% 71% 62% 92% NA

Hypermethyla-
tion: ALX4 + SEPT 
9 + TMEFF 2 (66)

NA 84% 88% NA

*The number of studies reporting a specific marker is represented next to the target gene. If possible, the 
sensitivity was presented separately for each disease stage. Concordance was defined as the percentage 
of agreement between ctDNA analysis and mutation or methylation analysis in the primary tumor. CRC 
= colorectal cancer; ctDNA = circulating tumor DNA; NA = not available, for when no data were available 
in a specific category.



32

Chapter 2

Table 2. An overview of the sensitivity and specificity for CRC detection of all analyzed potential ctDNA 
markers

 Sensitivity
Stage 

I
Stage 

II
Stage 

III
Stage 

IV
Overall Specificity

Detection of any CNA (37,39,113) 41% 73% 56% 66–87%
Chr Arm Locus Gene 50–

100%
45–

100%
45–
91%

58–
100%

49– 
96%

Copy number gains   

1 q   20% 33% 9% 0% 17% 100%

1 p   20% 17% 0% 9% 100%

2 q   20% 17% 9% 0% 13–19% 100%

2 p   20% 33% 9% 0% 16–17% 100%

3 q   0% 0% 9% 100%

4 q   40% 17% 0% 4% 100%

5 q   0% 17% 0% 4–19% 100%

5 p   20% 17% 18% 0% 17–18% 100%

6 p 21.1 CCND3 0% 15% 4% NA

6 q   0% 9% 0% 4% 100%

6 p   20% 50% 18% 0% 26% 100%

7 q 21.2 CDK6 0% 5% 10% 4% NA

7 q 34 BRAF 0% 5% 15% 4% NA

7 q   0% 9% 0% 4% 100%

7 p   0% 33% 9% 0% 9% 100%

8 p 11.21 KAT6A NA 20% NA

8 q 23.1 RSPO2 0% 0% 5% 40% 11% NA

8 q 24.21 MYC 0% 35% 9% NA

8 p 11.21 IKBKB 0% 20% 4% NA

8 q   0% 18% 0% 9% 100%

9 q   0% 9% 0% 4% 100%

9 p   NA 28% NA

10 q   0% 33% 0% 13% 100%

10 p   0% 33% 36% 0% 13–30% 100%

11 q 13.3 CCND1 0% 20% 4% NA

12 p 13.33 KDM5A 0% 15% 4% NA

12 p 12.1 KRAS 0% 15% 4% NA

12 p   0% 33% 9% 100% 22% 100%

13 q 12.13 CDK8 0% 30% 8% NA

13 q 13.1 BRCA2 0% 30% 8% NA
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 Sensitivity
Stage 

I
Stage 

II
Stage 

III
Stage 

IV
Overall Specificity

Detection of any CNA (37,39,113) 41% 73% 56% 66–87%
Chr Arm Locus Gene 50–

100%
45–

100%
45–
91%

58–
100%

49– 
96%

13 q 34 IRS2 0% 5% 25% 8% NA

13    0% 27% 100% 22% 100%

15    20% 17% 9% 0% 13% 100%

17    0% 33% 45% 0% 30% 100%

17 p   NA 13% NA

18    20% 0% 4% 100%

19    0% 33% 55% 100% 39% 100%

19 q   NA 28% NA

19 p   NA 16% NA

20 q 13.2 AURKA 0% 5% 20% 13% NA

20 q 11.23 SRC 0% 5% 45% 13% NA

20    20% 0% 18% 0% 13% 100%

20 p   NA 16% NA

21    0% 17% 0% 4% 100%

22    20% 17% 18% 0% 17% 100%

Copy number losses

1 p   0% 9% 0% 4–16% 100%

2 p   0% 9% 0% 4% 100%

3 q   0% 9% 0% 4% 100%

3 p   0% 18% 0% 9–13% 100%

4 q   0% 9% 0% 4% 100%

4 p   20% 33% 18% 0% 22% 100%

5 q   0% 9% 0% 4% 100%

5 p   20% 33% 18% 0% 22% 100%

6 p   NA 17% 0% 4–16% 100%

6 q   NA 28% NA

7 q   20% 0% 4–13% 100%

7 p   0% 9% 0% 4% 100%

8 q   0% 17% 0% 0% 4% 100%

8 p   20% 50% 45% 100% 25–43% 100%

9 q   0% 33% 18% 100% 22% 100%

9 p   20% 50% 27% 0% 30% 100%
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 Sensitivity
Stage 

I
Stage 

II
Stage 

III
Stage 

IV
Overall Specificity

Detection of any CNA (37,39,113) 41% 73% 56% 66–87%
Chr Arm Locus Gene 50–

100%
45–

100%
45–
91%

58–
100%

49– 
96%

10 q   0% 33% 0% 9% 100%

10 p   0% 17% 0% 4% 100%

11 q   0% 17% 9% 0% 9% 100%

11 p   0% 33% 18% 0% 17% 100%

12 p   NA 13% NA

12 q   20% 0% 0% 0% 4–13% 100%

12 p   20% 33% 0% 0% 13% 100%

14    0% 17% 0% 0% 4% 100%

14 q   NA 25% NA

14 p   NA 13% NA

15    20% 17% 0% 9% 100%

16    20% 83% 9% 0% 13–26% 100%

17 p 13.1 AURKB 0% 20% 4% NA

17 p 13.1 TP53 0% 5% 25% 8% NA

17    20% 17% 9% 0% 17% 100%

18 q 22.2 SOCS6 0% 30% 8% NA

18    0% 33% 55% 0% 39% 100%

19    80% 66% 9% 100% 39% 100%

20    0% 33% 9% 0% 13% 100%

21    0% 18% 0% 9% 100%

22    40% 17% 36% 0% 30% 100%

The number of studies reporting on a specific marker is represented next to the target gene. If possible, 
the sensitivity was presented separately for each disease stage. CNA = copy number alteration; CRC = 
colorectal cancer; NA = not available, no data were available in a specific category.

In general, the analysis of ctDNA mutations showed a limited sensitivity of up to 
57% in stage I–III disease, although a higher sensitivity of 75% was found in stage 
IV CRC using analysis of APC mutations. Detection of CRC by use of ctDNA copy 
number analysis showed promising sensitivities up to 96% but was described by 
only three studies. Analysis of SEPT9 hypermethylation resulted in high sensitivities 
(up to 100%) and specificities up to 97%. The methylation markers adenomatous 
polyposis coli (APC), vimentin (VIM), branched chain amino acid transaminase 1 
(BCAT1), Aristaless-like homeobox 4 (ALX4), IKAROS family zinc finger 1 (IKZF1), and 
LINE-1 showed potential but were described by a limited number of studies (n < 5).
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Mutation Marker Candidates
The mutational landscape of CRC is very heterogeneous, but several well-studied 
hot-spot mutations in genes with a crucial role in the progression of adenoma to 
carcinoma are known (6). Inactivating mutations in the tumor-suppressor gene 
APC are present in 30–70% of sporadic CRC (114). KRAS and BRAF mutations are 
found in 30% and 10% of CRC, respectively (114). The presence of these mutations 
is both a reflection of tumor biology (qualitative information) and tumor burden 
(quantitative information). Detection of these mutations is therefore an attractive 
approach for cancer diagnosis.

KRAS
For diagnostic purposes, point mutations of the KRAS gene were most frequently 
evaluated (n = 25 articles), resulting in sensitivities between 0 and 73% for stage I–
IV CRC (32,34,35,41–46,49–53,55–64,115). Fourteen studies reported a sensitivity 
of more than 30% using various detection methods (32,34,35,41,42,44,53,55,56,59
,61,63,64,115). The largest and most recently published studies found sensitivities 
between 32% and 41% in patients with stage I–IV CRC using ddPCR or Intplex allele-
specific PCR in plasma (34,62,64). Two recently published studies using ddPCR to 
analyze ctDNA from plasma (n = 150 patients) (64) and allele-specific PCR on ctDNA 
from serum (n = 50 patients) (62) found sensitivities of 41% and 32%, respectively, 
that increased to 48% and 53% in stage IV CRC. KRAS mutations were rarely detected 
in ctDNA from healthy control individuals, illustrated by specificities ranging between 
70% and 100% (32,46,49,58–60,62). Technical concordance between ctDNA and 
solid-tumor tissue analysis was heavily influenced by the analytical platform and 
ranged between 25% and 100% (32,34,35,42–44,46,49,50,52,56,57,59,61–64,115). 
Higher concordance rates (>60%) were reported by recent studies using ddPCR in 
plasma (34,35,62,64). In summary, the use of KRAS mutation analysis in ctDNA is 
hampered by low sensitivities of less than 50% for detection of CRC despite relatively 
good specificities and concordance rates.

BRAF
Detection of CRC by BRAF mutation analysis in ctDNA was evaluated in 10 studies, all 
reporting relatively low sensitivities of 0–50% independently of the technique used 
(34,35,42,45,49–53,115). The largest cohort study on BRAF ctDNA analysis found a 
BRAF mutation in only one of the 115 CRC patients using nested-PCR in serum (50), 
and a recent study in 97 locally advanced rectal cancer patients reported BRAF 
ctDNA mutations in the plasma of only two patients using ddPCR (34). Another 
recent study in 21 stage IV CRC patients reported a higher sensitivity of 29% for 
detection of BRAF mutations using an NGS panel of 90 oncogenes in plasma (45). 
None of these studies provided data to determine specificity. Concordance rates 
varied heavily among studies, but the only two studies evaluating BRAF mutations 



36

Chapter 2

with ddPCR found a concordance of 100% (35,53). Nevertheless, because of the low 
frequency of BRAF mutations in ctDNA of CRC patients, analysis of this aberration 
is not suitable for large-scale CRC screening.

APC
Four of eight studies investigating APC mutations in ctDNA reported sensitivities 
greater than 35% for CRC diagnosis using various detection methods (41,42,44–
47,115,116). In the largest cohort (n = 133 patients), a sensitivity of 8% was found for 
detection of stage I–IV CRC and 15% for stage IV disease using a MassArray assay 
in plasma (43). A recent study showed a comparable sensitivity of 18% using an 
NGS panel in plasma of stage I–IV patients (44). A specificity of 100% was reported 
by only one study using single-strand conformation polymorphism-PCR for ctDNA 
detection in serum (46). The concordance for detection of APC mutations ranged 
from 16% to 100% (42–44,46,47,115). Four of the six studies describing concordance 
reported rates lower than 50% (43,44,46,47), none of them describing ddPCR. The 
low sensitivity makes APC an unattractive marker for CRC detection.

Copy Number Alterations
Aneuploidy, an abnormal number of chromosomes, is a common causal event 
in CRC. Several CNA patterns have been identified, including deletions of both 
arms of chromosome 17 and 18 in 56% and 66% of CRC patients, respectively 
(6). Analysis of copy numbers uses a genomewide approach so does not rely 
on detecting nucleotide-specific changes that may occur below the detection 
threshold in a cfDNA sample. Furthermore, large (>3 Mb) or high-level (≥4 copies) 
CNAs are absent in healthy individuals, allowing a high level of specificity (117).

So far, a limited number of studies have investigated the use of ctDNA for CRC 
detection. The three included studies on CNAs in blood of CRC patients are the 
most recent and reported inconsistent results using shallow whole-genome 
sequencing methods (Table 2) (39,113,118). Depending on the study, detection 
of CNAs was described on the level of a whole chromosome, chromosome arm, 
and/or a specific gene. One study reported copy number gains or losses across 
the whole genome in the plasma of 96% of stage I–IV CRC patients and 100% of 
stage IV CRC patients (113). Other studies reported lower sensitivities of 49% (39) 
and 56% (118) for detection in plasma of stage I–IV CRC patients. When focusing 
on CNAs of specific chromosomes, copy number losses on chromosome 18q and 
both gains and losses on chromosome 19 were found in the plasma of 39% of 
CRC patients (113). Furthermore, a specificity of 66–87% was reported (113,118). 
Because studies did not provide data to determine CNA concordance, this is not 
reported in Table 2. In summary, the analysis of genomewide CNAs is a promising 
method for noninvasive CRC detection but requires more research.
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Methylation Marker Candidates
Hypermethylation in promotor regions of genes associated with tumorigenesis is 
a common phenomenon in CRC that mainly occurs in CpG islands, concentrated 
regions of DNA sequences susceptible to methylation. Fifteen percent of sporadic 
colorectal tumors are characterized by high methylation levels, referred to as CpG 
island methylation phenotype (119). However, CpG island methylation phenotype–
negative tumors also have recurrent patterns of DNA methylation, which could 
allow methylation to be exploited for CRC detection (120).

SEPT9
Hypermethylation of the SEPT9 promotor region was frequently investigated in 
large cohorts. Most of the 23 studies (25,29,30,32,33,66,67,75,80,93,94,96–107) 
that analyzed SEPT9 hypermethylation by various methods demonstrated it to be 
among the most accurate candidate markers, reporting sensitivities greater than 
50% for stage I–IV CRC (25,30,32,33,66,75,93,94,96–105,107). The analysis of SEPT9 
hypermethylation in ctDNA in plasma using quantitative methylation-specific 
PCR (qMSP) showed sensitivities of 61–62% in three recent large cohorts (n = 98, 
n = 123, and n = 187 patients) (94,104,105). Several other large-cohort studies 
showed potential for a commercially available test using qMSP for analysis of 
SEPT9 hypermethylation in plasma, reporting sensitivities between 73% and 87% 
for stage I–IV CRC (30,33,97,99,101,102,107). The sensitivity gradually increased 
with higher stages and was reported to be 100% in stage IV CRC patients in several 
studies (30,99,101). In most recent studies, specificities of 82–95% were found 
(29,67,94,99,104). The few studies describing concordance reported rates of 
approximately 80% (32,94,97). Overall, detection of hypermethylated SEPT9 seems 
promising for CRC detection considering its high accuracy.

CDKN2A (p16)
All six studies evaluating cyclin-dependent kinase inhibitor 2A (CDKN2A) 
hypermethylation in ctDNA of CRC patients used MSP. The most recent study 
used qMSP and reported a sensitivity of 9% for stage I–IV CRC detection (67). 
Other studies published in the past decade did not find specificities exceeding 
35% (71,77,78). One study reported a specificity of 96% (67). Concordance rates 
of 70% and 82% were described in two studies (78,79). Taken together, only a 
limited number of studies provided an overall picture of the potential value of 
CDKN2A hypermethylation analysis in ctDNA for CRC detection. Detection of 
hypermethylated CDKN2A by MSP does not show potential for CRC detection 
considering its low sensitivity.
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HLTF
All six studies on helicase-like transcription factor (HLTF) hypermethylation 
analysis for the purpose of CRC detection used qMSP and described large cohorts 
of more than 100 patients (67,85–89). The most recent study found a sensitivity 
of 11% for analysis in plasma (67), which was supported by the majority of other 
studies describing sensitivities of less than 20% (67,85–88). Two studies reported 
specificities (96% and 100%) (67,89), and two studies reported concordance rates 
(41% and 42%) (86,88). Taken together, this candidate marker is not considered to 
be of value for CRC detection because of the low observed sensitivities.

Other Candidate Methylation Markers
Several less frequently described candidate markers presented in Table 1 showed 
high sensitivities, supporting their further investigation. Of particular interest for 
further validation are (studies with highest reported sensitivity) across stages I–
IV: ALX4 [sensitivity 83%, specificity 70% (68)], APC [sensitivity 57%, specificity 86% 
(72)], BCAT1 [sensitivity 65%, specificity 97% (75)], IKZF1 [sensitivity 68%, specificity 
95 (76)], and VIM [sensitivity 71%, specificity not reported (109)]. Furthermore, 
hypomethylation of LINE-1 [sensitivity 66%, specificity 90% (112)] and cystathionine-
beta-synthase (CBS) [sensitivity 56%, specificity not reported (111)] are of interest 
and require further study.

Marker Panels
The simultaneous analysis of multiple ctDNA mutation, copy number, and/or 
hypermethylation markers potentially results in higher accuracy for CRC detection. 
Most evidence arises from studies evaluating panels of hypermethylation 
markers. Combined analysis of APC, O-6-methylguanine-DNA methyltransferase 
(MGMT), Ras association domain family member 2 (RASSF2A), and WNT inhibitory 
factor 1 (Wif-1) hypermethylation was evaluated in 243 stage I–II CRC patients and 
demonstrated a sensitivity of 87% and a specificity of 92% (86). In a more recent 
study (n = 193 patients), a panel of the plasma hypermethylation markers ALX4, 
bone morphogenetic protein 3 (BMP3), neuronal pentraxin 2 (NPTX2), retinoic acid 
receptor beta (RARB), syndecan 2 (SDC2), SEPT9, and VIM analyzed with MSP showed 
a sensitivity of 91% for stage I–IV and 89% for stage I–II CRC using a multifactorial 
model accounting for sex and age (67). This study reported a specificity of 73%. 
The largest described panel was an NGS panel of 90 oncogenes including the most 
common CRC mutations. With this panel, one to six mutations were found in all 21 
studied CRC patients (sensitivity 100%) without providing information on specificity 
(45). None of the studies reported technical concordance rates for these panels. 
Overall, the use of marker panels for CRC detection resulted in high accuracy.
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ctDNA for Prognostication and Treatment Selection in CRC

Pre therapeutic Analysis
Pre- as well as post-therapeutic ctDNA analysis have the potential to improve 
clinical decision making. Quantification of ctDNA before treatment could serve as a 
prognosticator because of a strong correlation with tumor burden. In the included 
studies, ctDNA analysis in therapy-naive patients allowed profiling of mutation 
patterns and detection of KRAS mutations before anti-EGFR therapy. Additionally, 
the presence of ctDNA was correlated with clinicopathological parameters (Figure 
3), supporting its use in treatment planning. None of the included studies reported 
on detection of posttherapeutic ctDNA CNAs.
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Quantitative analysis showed that ctDNA mutations in KRAS, APC, and TP53 genes 
(41,46) and hypermethylation of multiple genes (APC, GATA binding protein 5 
(GATA5), HLTF, hyperpigmentation, progressive, 1 (HPP1), integrin subunit alpha 
4 (ITGA4), protocadherin 10 (PCDH10), Ras association domain family member 
1 (RASSF1A), SEPT9, short stature homeobox 2 (SHOX2), and secreted frizzled-
related protein 2 (SFPR2) are frequently present in patients with late-stage 
CRC (29,36,46,73,84,89,103,106). The detection of KRAS mutations (60) and 
hypermethylation of the HLTF, HPP1, tissue factor pathway inhibitor 2 (TFPI2), 
SEPT9, SHOX2, and VIM genes (89,103,108,109) in ctDNA was associated with the 
presence of distant metastases. Accordingly, the presence of ctDNA as detected 
by mutation [90-gene NGS panel (45), KRAS, APC, tumor protein P53 (TP53) (46,60)], 
copy number (113), or hypermethylation analysis [APC, HLTF, HPP1, RASSF1A 
(73,89,90)] was associated with worse progression-free and overall survival. 
Qualitative ctDNA analysis showed that presence of KRAS mutations in ctDNA 
could predict the effectiveness of targeted therapies, illustrated by an absence of 
clinical response to anti-EGFR therapy in stage IV CRC patients with KRAS mutations 
detected in pretherapeutic blood samples (61).

Post therapeutic Analysis
The detection of ctDNA after therapy could qualify patients for additional therapies 
by indicating residual disease or recurrence. The studies included in this review 
showed that the posttherapeutic detection of ctDNA mutations was correlated 
with poor oncologic outcome and, accordingly, may reflect (residual) tumor 
load after tumor resection. The detection of ctDNA using an NGS panel of 90 
oncogenes after start of systemic treatment was found to be an independent risk 
factor for poor survival in 21 stage IV CRC patients (45). In seven CRC patients, the 
postoperative presence of driver gene mutations in plasma ctDNA, as detected by 
an 85-gene NGS panel, was associated with a poor prognosis (44). Another study 
(n = 60 patients) demonstrated that the persistence of serum KRAS mutations after 
surgery was associated with an increased risk of recurrence (59).

Postoperative ctDNA hypermethylation was found to be associated with poor 
oncologic outcome. In 79 CRC patients, SEPT9 methylation levels dropped to 
barely detectable amounts after surgery in all patients except those with distant 
metastases or positive resection margins (103). In another study (n = 16 patients), 
the two patients with methylated SEPT9 in postoperative ctDNA both presented 
with a recurrence during follow-up (104). Furthermore, in a study describing 82 
CRC patients, postoperative detection of SEPT9 hypermethylation in plasma was 
associated with increased mortality (107). Several other methylation markers 
were proposed as indicators of residual disease. Postoperative detection of HPP1 
hypermethylation was associated with poor survival in 337 CRC patients (90). 
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Elevated VIM methylation plasma levels were associated with residual disease 
after surgery in patients with colorectal liver metastases, whereas CEA levels 
had returned to normal levels after surgery (110). Another proposed method 
to detect residual disease is combined analysis of plasma BCAT1 and IKZF1 
hypermethylation. Tumor resection resulted in reduced methylation levels of 
these genes with complete elimination of the signal in 10 of 26 patients (31). Taken 
together, postoperative presence of ctDNA suggests residual disease. However, 
included studies consist of small cohorts and clinical validation is warranted.

ctDNA for CRC Monitoring
Monitoring of disease by serial liquid biopsies to assess treatment response and 
detect recurrences during follow-up is a promising and valuable companion to 
current detection methods. Quantitative detection of ctDNA levels potentially 
allows early detection of recurrences (121). Qualitative analysis of ctDNA mutations 
and CNAs could find therapeutic targets and help detect therapy resistance (121).

Six studies evaluated the potential of ctDNA analysis during follow-up after surgery 
or during systemic treatment of CRC patients (45,55,59–61,115), all of which had 
small sample sizes. Five studies reported data on ctDNA mutation analysis (45,59–
61,115) and one study investigated a combination of hypermethylation and mutation 
markers (55). No articles reported on CNAs for the use of CRC patient monitoring.

An increase in ctDNA levels, as detected by an NGS panel of 90 oncogenes, could 
detect resistance to chemotherapy (45). Additionally, quantitative analysis of KRAS 
mutations allowed detection of recurrences with 100% sensitivity in patients with 
KRAS-positive solid tumors (60,61,115) and improved monitoring compared with 
current diagnostic modalities (61). In three of seven metastatic CRC patients with 
a recurrence, reappearance of plasma KRAS mutations was detected before a 
diagnosis could be made using conventional methods. Moreover, in eight patients 
with acquired resistance during anti-EGFR therapy, KRAS mutations were detectable 
in plasma 3 months before disease progression was seen on CT scans (61). 
Furthermore, newly diagnosed KRAS and phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit alpha (PIK3CA) mutations were found up to 4 months 
before radiological progression in two stage IV CRC patients receiving systemic 
therapy (115). The combined analysis of KRAS mutations and CDKN2A methylation 
analysis in plasma of CRC patients increased diagnostic accuracy (55). At this 
moment, however, conclusions of all studies are hampered by small sample sizes.
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Discussion
Analysis of ctDNA in peripheral blood samples, so-called liquid biopsies, has 
the potential to realize early-stage detection of CRC and serve as a prognostic, 
predictive, and monitoring tool. The present systematic review is the first to 
evaluate the use of the most promising types of ctDNA analysis in a clinical 
setting. To date, the highest accuracy for CRC detection has been obtained by 
SEPT9 hypermethylation analysis, especially in combined panels. For diagnostic 
purposes, analysis of single ctDNA mutations does not yet allow for clinical 
decision making. For the purposes of prognostication and disease monitoring, the 
most robust results were obtained by consecutive sampling and subsequent KRAS 
mutation ctDNA analysis. The analysis of CNAs could be promising for clinical use 
as well but is still in its infancy.

The present findings provide a starting point for implementation of ctDNA analysis 
into the clinic by setting out promising candidate markers. The high sensitivities 
of up to 100% and specificities of up to 97% of SEPT9 methylation ctDNA analysis 
suggest a diagnostic role for this candidate marker. Even higher sensitivities 
could theoretically be obtained in combination with other promising methylation 
markers such as APC, VIM, BCAT1, ALX4, IKZF1, and LINE-1. Cancer detection through 
copy number analysis in ctDNA has great potential for CRC detection, with 
sensitivities up to 96% and specificities up to 100%. However, only a small number 
of included studies reported on CNAs in ctDNA, hampering solid conclusions. 
In contrast, analysis of single-gene ctDNA mutations showed disappointing 
sensitivities of less than 50% with highly variable specificities so is unlikely to 
increase the accuracy of current screening methods. The low sensitivities are 
probably due to the relatively low proportion of cfDNA fragments carrying the 
tumor-specific mutation, described as the variant allele frequency, or due to the 
absolute number of mutant DNA molecules in the sample (17,122,123).

For prognostication and disease monitoring, mutation ctDNA analysis is 
considered the most valuable. For prognostication, pre- and posttherapeutic 
analyses alike of KRAS and APC mutations provided information on tumor load 
(quantitative analysis) and allowed molecular profiling (qualitative analysis) to guide 
treatment decisions by determining the indication for (neo-)adjuvant therapies 
(19,20,124). Owing to correlation with oncologic outcomes, ctDNA detection 
after tumor resection suggests the presence of residual disease undetectable 
with conventional methods (17). This potentially enables accurate identification 
of patients for adjuvant systemic therapies. Additionally, the presence of KRAS 
mutations in ctDNA could predict treatment response to anti-EGFR therapy (61). 
The detection of ctDNA at higher stages could result from increased shedding 
of ctDNA or occult micrometastases (17). For monitoring purposes, consecutive 
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analysis during follow-up showed high accuracy for detection of recurrences in 
patients with known pre-therapeutic detectable KRAS mutations (55,59–61,115). 
Additionally, KRAS mutation analysis in ctDNA allows repeated analysis of tumor 
mutations to identify acquired resistance (61) and emerging potential therapeutic 
targets (121). In this way, ctDNA analysis could guide tailored treatment. None of 
the included studies investigated CNAs for monitoring of CRC. Theoretically, serial 
copy number analysis could be useful as well because it does not target a specific 
genomic site but measures across the entire genome.

Clinical implementation of liquid biopsies for population-based screening also 
has high potential. Limitations of current studies are the small cohorts and poorly 
defined or absent healthy control individuals. Moreover, there is a lack of studies 
focusing on detection of precursor lesions. Before widespread implementation for 
screening, adequately powered validation studies comparing ctDNA with the FOBT 
and colonoscopy are essential. The current literature on liquid biopsies for CRC mainly 
consists of nonrandomized retrospective studies, with only a few markers tested in 
validation cohorts. A technical issue is the mutational heterogeneity observed in CRC. 
Accurate mutation monitoring requires expensive panel-based NGS approaches to 
test many genes before start of therapy and subsequent consecutive analyses of 
specific mutations. For this process, multiple-gene testing and highly robust assays 
for individual mutations are warranted, impeding widespread use. However, large-
scale whole-genome mutation analysis in blood as a liquid biopsy will be feasible in 
the near future, enabling not only monitoring of recurrences but also evaluation of 
clonal evolution to adjust therapeutic approaches. Cost-effectiveness analysis and 
clinical validation in prospective trials are currently ongoing.

To our knowledge, this is the first systematic review assessing candidate mutation, 
CNA, and methylation markers in blood samples for clinical use in CRC patients. 
These approaches could not only complement each other but also be combined 
to achieve higher accuracy (125). In line with the present review, the value of 
methylation analysis for CRC detection is supported by a systematic review 
reporting hypermethylation of the APC, neurogenin 1 (NEUROG1), RASSF1A, RASSF2A, 
SDC2, SEPT9, tachykinin precursor 1 (TAC1), and thrombomodulin (THBD) genes in 
ctDNA to be detectable in early-stage CRC patients (20). However, in contrast to the 
low sensitivities reported for ctDNA mutation analysis, in a recent review the use of 
KRAS and APC mutation analysis in ctDNA was advocated for early CRC detection, 
with particular interest in APC mutations because of their presence in precursor 
lesions (126). Notably, this review was not performed systematically and no quality 
assessment was performed, impeding the authors’ conclusions.

Unfortunately, it was not possible to conduct a meta-analysis because of the 
variability of methods. Furthermore, the use of other liquid biopsy substrates such 
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as circulating RNAs or circulating tumor cells was beyond the scope of this study. 
The focus on ctDNA was chosen because it has been investigated most extensively 
and is proposed as the most promising reproducible method for CRC detection 
with high accuracy (17–19). We included analysis of copy numbers because this is a 
promising, novel, and relatively simple method to detect ctDNA (15,127). Moreover, 
we did not include studies on other ctDNA sources currently being explored, such 
as urine, stool, and saliva (128,129). Similarly, other noninvasive approaches to 
genetic diagnosis of CRC were also omitted despite widespread clinical use. For 
example, the FDA-approved Cologuard (Exact Sciences) test analyzes mutations 
and methylation changes in DNA from stool (130). However, because stool is not a 
source of ctDNA, it was not covered by the scope of this study.

Translation of ctDNA into clinical daily practice is still awaited. The use of ctDNA for 
therapy guidance has already been suggested for locally advanced rectal cancer 
patients (131) and could help clinicians decide whether additional intervention 
is required after local excision of early-stage rectal cancer (132). A prospective 
comparison of current guidelines for adjuvant treatment with a novel approach 
based on residual ctDNA should be carried out and is currently being planned for 
advanced rectal cancer patients (Dynamic-Rectal study— ACTRN12617001560381). 
Prospective combined analysis of (epi-) genomic markers integrated with other 
biomarker substrates such as proteomics or metabolomics could facilitate cancer 
detection with higher accuracy (133). Such innovative blood tests should be designed 
using an “-omics” approach (134), opening up potential combinations of other 
candidate biomarkers. Furthermore, implementation of ctDNA analysis is promoted 
by novel detection methods that are being developed at a rapid pace. Techniques that 
are currently too expensive for routine use, such as personalized ctDNA sequencing, 
might become feasible within years (135). However, the use of highly sensitive and 
specific single-locus assays such as ddPCR, which is currently a more straightforward 
and cost-effective method, are still expected to be relevant (136,137), particularly 
for repeated measurements in patients with known tumor mutations in a tissue-
guided manner (18). Finally, collaboration between academia and industrial partners 
is becoming increasingly important for the transition of biomarkers into the clinic, 
but a solid cost-effectiveness analysis is key for this purpose (138).

In conclusion, the present overview of literature proposes ctDNA analysis of 
methylation panels including SEPT9 as the most valuable option for CRC detection. 
The use of liquid biopsies for disease monitoring seems even more promising. 
KRAS mutation analysis appears of particular interest for prognostication and 
monitoring of CRC patients to provide treatment guidance and tailored therapies. 
CNAs can be detected in the blood of CRC patients at various stages. Owing to 
its genomewide rather than gene-specific approach, copy number analysis could 
potentially be useful as a companion for early detection or monitoring. However, 
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more research is needed. Creation of approaches combining various types of 
ctDNA analyses could further enhance accuracy. Prospective studies, preferably 
in a randomized setting in which clinical decisions depend on ctDNA results of the 
currently proposed candidate markers, should provide the definitive evidence to 
bring ctDNA analysis to clinical practice.
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Supplementary Figure 1a. Risk of bias assessment according to the QUADAS-2 for all 134 initially 
included studies.

Supplementary Figure 1b
A detailed overview of the risk of bias assessment according to the QUADAS-2 for each study.
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Supplementary Figure 1b (continued)
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Abstract
Cytoreductive Surgery and Hyperthermic Intraperitoneal Chemotherapy (CRS-
HIPEC) may be curative for colorectal cancer patients with peritoneal metastases 
(PMs) but it has a high rate of morbidity. Accurate preoperative patient selection 
is therefore imperative, but is constrained by the limitations of current imaging 
techniques. In this pilot study, we explored the feasibility of circulating tumor 
(ct) DNA analysis to select patients for CRS-HIPEC. Thirty patients eligible for 
CRS-HIPEC provided blood samples preoperatively and during follow-up if the 
procedure was completed. Targeted Next-Generation Sequencing (NGS) of DNA 
from PMs was used to identify bespoke mutations that were subsequently tested 
in corresponding plasma cell-free (cf) DNA samples using droplet digital (dd) PCR. 
CtDNA was detected preoperatively in cfDNA samples from 33% of patients and 
was associated with a reduced disease-free survival (DFS) after CRS-HIPEC (median 
6.0 months vs median not reached, p = 0.016). This association could indicate 
the presence of undiagnosed systemic metastases or an increased metastatic 
potential of the tumors. We demonstrate the feasibility of ctDNA to serve as a 
preoperative marker of recurrence in patients with PMs of colorectal cancer using 
a highly sensitive technique. A more appropriate treatment for patients with 
preoperative ctDNA detection may be systemic chemotherapy in addition to, or 
instead of, CRS-HIPEC.

Keywords: CRS-HIPEC; circulating tumor DNA; colorectal cancer; droplet digital 
PCR; liquid biopsy; peritoneal metastases.
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1. Introduction
Metastatic colorectal cancer (CRC) remains the second most common cause of 
cancer-related death, despite improvements in treatment over recent decades 
[1]. Peritoneal metastases (PMs) are diagnosed in 10–25% of CRC patients [2,3,4], 
either at the time of primary tumor diagnosis or during subsequent investigations. 
If restricted to the peritoneum, referred to as isolated PMs, treatment with 
systemic chemotherapy confers a median overall survival (OS) of 12–18 months 
[5,6,7,8]. Patients with isolated PMs that are limited in their spread throughout 
the peritoneum may qualify for Cytoreductive Surgery and Hyperthermic 
Intraperitoneal Chemotherapy (CRS-HIPEC) treatment, which is associated with a 
disease-free survival (DFS) of 13.1 months and an increased median OS of 35–45 
months [9,10,11,12]. Patients with the least extensive peritoneal spread have the 
potential to experience the greatest benefit from CRS-HIPEC, reflected in a median 
OS of 56 months [13]. The addition of HIPEC following CRS did not show significant 
survival benefit in the recent large randomized-controlled PRODIGE-7 trial [14]. 
However, unlike the patients included in our study, patients in the PRODIGE-7 
trial had received neo-adjuvant systemic therapy prior to CRS-HIPEC and had 
received oxaliplatin rather than mitomycin C during HIPEC [14]. Nevertheless, CRS 
performed in high-volume expert centers resulted in an OS of 41 months [14]. This 
demonstrates that a dedicated centralized multimodality approach to treatment 
offers improved survival for patients with PMs.

Unfortunately, shortcomings in modalities of detection and quantification of PMs 
often result in diagnosis at an advanced stage, when the peritoneal spread is 
extensive. These patients typically see reduced benefit from CRS-HIPEC because 
of a higher incidence of recurrence after the procedure [15,16] and because they 
experience greater treatment-related morbidity from extensive CRS [17]. Timely 
preoperative detection of PMs could help decide if any potential survival benefit 
outweighs the treatment-related morbidity. Similarly, recurrence of PMs after 
CRS-HIPEC is a common phenomenon [13] that also tends to be diagnosed at 
an advanced stage. Improved detection in this situation could indicate an early 
start to chemotherapy to reduce disease symptoms, or a repeat CRS-HIPEC with 
potentially curative intent if the recurrence is isolated and limited [18].

If PMs are not detected during resection of the primary tumor, initial detection 
is by subsequent (PET)-CT imaging, which is limited to a sensitivity of 72% and 
further decreases to 11% for nodules smaller than 5 mm [19]. Carcinoembryonic 
antigen (CEA) levels can be elevated in the blood of CRC patients, particularly in 
those with metastases. However, the sensitivity of the CEA test is limited in patients 
with isolated PMs [20,21]. If PMs are suspected, diagnostic laparoscopy (DLS) is 
often performed preoperatively to determine the Peritoneal Cancer Index (PCI), 
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a numeric score ranging from 1–39 that combines lesion size with the number of 
affected abdomino-pelvic regions [10,22]. Although DLS offers a higher sensitivity 
and specificity for detection, it is invasive and often still underestimates the extent 
of PMs [23]. The most reliable measure of PMs is an intraoperative assessment 
performed immediately before the intended CRS-HIPEC. However, up to 25% of 
patients are disqualified at this point due to irresectable PMs, reflected by a PCI 
higher than 20, so undergo an open–close procedure whereby the abdomen is 
closed without CRS-HIPEC [24]. There is an urgent clinical need for less invasive and 
more accurate tools to detect and quantify the extent of PMs. Novel approaches 
include improved imaging techniques such as diffusion-weighted (DW) MRI [25] 
and liquid biopsy analysis.

Recent technical advances have enabled circulating tumor (ct) DNA, the fraction 
of cell-free (cf) DNA that originates from tumor cells, to be detected in plasma 
with high sensitivity and specificity. Analysis can serve as a dynamic marker in 
CRC patients by the quantification of cfDNA levels and the identification of tumor-
specific genetic and epigenetic markers including; mutations, structural variations 
and methylation [26,27,28]. Studies that used digital PCR methods have shown 
ctDNA to be detectable in up to 100% of CRC patients with systemic metastases 
and in 73% of those without evidence of systemic metastasis [29]. However, in a 
study that used a next-generation sequencing (NGS) panel to test patients with 
resectable PMs of diverse cancer types, ctDNA was only detectable preoperatively 
in 39% of cases [30]. The lower plasma ctDNA representation in CRC patients 
with isolated PMs compared to systemic metastases is probably due to inherent 
biological differences in ctDNA shedding.

The detection and quantification of relatively low quantities of ctDNA in plasma 
from CRC patients with PMs requires a highly sensitive technique. Droplet digital 
(dd) PCR has emerged as one of the most sensitive and specific methods of ctDNA 
analysis in the oncology setting [31]. By specifically targeting genomic loci in a tissue-
guided manner, ddPCR can precisely quantify DNA fragments that contain either the 
mutant or wild-type nucleotide in a relatively simple, fast and cost-effective work-
flow. Although this approach has previously been applied to colorectal malignancies 
[32,33], to our knowledge, it has not been used as a biomarker in a well-defined 
cohort of CRC patients who are candidates for CRS-HIPEC.

In this pilot study, we aimed to explore the feasibility of ctDNA analysis in a clinical 
situation to select patients for CRS-HIPEC. We assessed the capability of ctDNA to 
quantify the extent of PMs and its suitability as a preoperative prognostic marker 
of recurrence.
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2. Experimental Section
2.1. Study Design and Patients
Patients diagnosed with synchronous or metachronous PMs of colorectal 
adenocarcinoma and considered eligible for CRS-HIPEC following standard work-
up including imaging and DLS, were initially included in this study at the Cancer 
Center Amsterdam of Amsterdam University Medical Center (location VUmc) 
between August 2016 and March 2018 [11,34]. Patients were preoperatively 
excluded from the study if: the estimated extent of PMs was deemed to be 
irresectable by subsequent (PET-) CT or DLS; systemic metastases were detected 
(excluding resectable liver metastases with minimal tumor burden) [35]; or PMs 
removed during a previous procedure were found by histological assessment to 
be non-colorectal in origin or were not adenocarcinoma. Patients were excluded 
from the study on a technical basis if no mutations were identified in PMs. 
Clinical and pathological data were retrospectively obtained from patient records 
(Supplementary materials and methods, clinical and pathological data) [10,22]. 
The mismatch repair status of PMs was not tested in any of the patients included 
in the study. The outcome of the CRS was determined according to the maximal 
size of residual tumor tissue and was classified as: R1) when no macroscopically 
visible tumor remained in situ (complete resection), R2a) when the residual tumor 
was smaller than 2.5 mm or R2b) when it was larger than 2.5 mm [36]. CRS-HIPEC 
was performed according to a standard protocol [11,37]. If a complete CRS was 
achieved, HIPEC was performed using the open coliseum technique with mitomycin 
C. If residual tumor tissue remained after CRS, HIPEC was not performed [6,34].

2.2. Ethics Approval and Consent to Participate
This study was registered with the Dutch Trial Registry [38] and was conducted in 
accordance with the Declaration of Helsinki with the approval of the Amsterdam 
UMC, VU University Medical Ethical Testing Committee (2016.254-NL57226.029.16 
and 2017-302(A2018). All patients provided written informed consent to participate 
in the study.

2.3. Blood and Tumor Tissue Collection
PMs previously removed alongside primary tumor resection were retrieved from 
the Biobank at Amsterdam University Medical Centers (UMC) -location VUmc, 
and retrospectively analyzed to identify mutations to test in cfDNA. Preoperative 
blood samples were collected after patients were placed under general anesthesia 
but immediately before surgical incision for the intended CRS-HIPEC procedure. 
Blood was kept at room temperature until plasma separation within 8 h of 
collection (Supplementary materials and methods, blood processing). At least one 
postoperative blood sample was taken by venipuncture from all CRS-HIPEC patients, 
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typically within 2–4 weeks, but no later than 3 months after the procedure. Further 
samples were taken during routine follow-up every 3 months, up to 25 months after 
CRS-HIPEC. If a recurrence was diagnosed during follow-up by physical assessments 
and (PET-) CT imaging, an additional blood sample was taken at diagnosis or within 
1 month. No postoperative blood samples were obtained from patients who did 
not undergo the complete CRS-HIPEC procedure because the presence of residual 
tumor excluded them from postoperative ctDNA analysis.

2.4. DNA Isolation and Mutation Analysis
Formalin-fixed paraffin-embedded (FFPE) tumor tissue of PMs was processed 
as previously described [39,40]. Genomic DNA was subsequently isolated using 
a Qiagen QIAamp DNA FFPE Tissue kit according to the instructions of the 
manufacturer (Qiagen, Venlo, the Netherlands). Cell-free DNA was isolated from 
up to 3 mL aliquots of plasma using the Qiagen QIAsymphony Circulating DNA Kit. 
A plasma sample of known cfDNA concentration was included in each isolation 
run to ensure consistent performance of the isolation kit. Genomic DNA from 
PMs underwent NGS-based mutation analysis using the TruSeq Amplicon Cancer 
Panel (TSACP; Illumina Inc., San Diego, CA, USA) or a High-Resolution Melting assay 
followed by Sanger sequencing (HRM-sequencing) (Supplementary materials and 
methods, DNA isolation and mutation analysis) [40,41]. Only genomic variants 
of known oncogenic significance identified by HRM-sequencing, or by TSACP 
sequencing with a Variant Allele Frequency (VAF) of ≥3% in the PMs were included 
(Table S1A). These mutations were targeted in cfDNA samples using specific mutant 
and wild-type ddPCR primer and probe combination kits (BioRad, California, USA) 
(Table S1B). Results for each assay were used to calculate the VAF and estimate 
the concentration of cfDNA (Table S1C). All cfDNA samples were tested using the 
KRAS G12/13 screening kit (cat. #1863506, BioRad, Hercules, CA, USA) regardless of 
the KRAS mutation status of the PMs. The performance of all kits was verified using 
gBlocks when available (Integrated DNA Technologies, Iowa, USA); 191–230nt 
fragments of synthetic double-stranded DNA containing the nucleotide change of 
interest (Supplementary materials and methods, gBlocks and ddPCR; Table S1D).

2.5. Statistical Analysis
The association between clinico-pathological variables and ctDNA detection was 
tested using the Fisher’s exact test for two dichotomous variables or the Mann–
Whitney U test for a continuous variable combined with a dichotomous variable. 
Comparison of preoperative cfDNA input to ddPCR reactions was performed using 
the Mann–Whitney U test. Comparison of preoperative cfDNA input with follow-
up samples was tested using the Kruskal–Wallis test for a continuous variable 
in multiple groups. Statistical significance was defined as a p-value < 0.05 (two-
sided test). Univariate associations between DFS and clinico-pathological variables 
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and ctDNA detection were tested using the log-rank test (Kaplan–Meier method). 
A cox regression analysis was performed to generate hazard ratios and 95% 
confidence intervals (95% CI). No correlation between OS and clinico-pathological 
variables was calculated as the number of events within the follow-up period was 
insufficient for statistical analysis. Dichotomization was performed on the basis of 
mean values for continuous variables. Statistical analyses were performed using 
the Statistical Package for Social Sciences (SPSS) version 23 for Windows (IBM 
Corporation, Armonk, NY, USA) and GraphPad Prism v7.02 (GraphPad Software 
Inc., San Diego, CA, USA).

3. Results
3.1. Patient Baseline Characteristics
Thirty patients eligible to receive CRS-HIPEC were included in the study, following 
the exclusion of fourteen patients for the reasons outlined in Figure 1. Baseline 
characteristics of all patients are presented in Table 1. Of these patients, 24 
underwent CRS-HIPEC after intraoperative assessment determined them to 
have resectable metastases. None of the patients had received neo-adjuvant 
chemotherapy prior to CRS-HIPEC. To account for the effect of liver metastases on 
ctDNA levels, CRS-HIPEC patients were postoperatively sub-classified into those 
with isolated PMs (n = 22) or PMs with resectable liver metastases (n = 2) (Figure 
1). The remaining six patients were intraoperatively disqualified from CRS-HIPEC 
so instead underwent an open–close procedure due to a PCI higher than 20 (n = 
4), or because irresectable liver metastases (n = 1) or para-aortic lymph nodes (n 
= 1) were discovered.
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Figure 1. Flowchart of patient classification after initial inclusion in the study. The reasons for patient 
exclusion prior to intraoperative assessment are described. After the intraoperative assessment, patients 
either underwent Cytoreductive Surgery and Hyperthermic Intraperitoneal Chemotherapy (CRS-HIPEC) or 
received an open–close procedure. PMs: Peritoneal Metastases.
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Table 1. Baseline characteristics of all patients in the study and the selection of patients that underwent 
Cytoreductive Surgery and Hyperthermic Intraperitoneal Chemotherapy (CRS-HIPEC).

All Patients 
(n = 30)

Underwent CRS-HIPEC 
(n = 24)

Characteristics

General

Age in years Mean/SD 65.1 9.4 65.2 9.6

Median/range 67 37–81 66.5 36–81

Male gender (n/%) 17 56.7 14 58.3

BMI Mean/SD-all 27.1 5.2 27 5.5

male 25.6 3.1 25.4 2.7

female 29.1 6.7 29.2 7.6

Median/range-all 26.8 21.3–49 26.8 21.3–49

male 24.4 21.3–32.1 24.3 21.3–29.8

female 28.4 22.0–49.0 27.9 22.0–49.0

ASA classification I-II (n/%) 22 73.3 17 70.8

III (n/%) 8 26.7 7 29.2

Primary Tumor n % n %

Location Colon 27 90 22 91.7

Rectum 3 10 2 8.3

TNM-stage at diagnosis II 8 26.7 7 29.2

III 10 33.3 8 33.3

IV 12 40 9 37.5

Differentiation grade Good/moderate 24 92.3 19 90.5

Poor 1 3.8 1 4.8

Signet cell 1 3.8 1 4.8

Lymph invasion 7 25.9 5 22.7

Venous invasion 10 37 8 36.4

Tumor type Adenocarcinoma 21 70 17 70.8

Mucinous 
adenocarcinoma

8 26.7 6 25

Signet cell type 1 3.3 1 4.2

Treatment

Adjuvant chemotherapy primary (n/%) 11 36.7 9 37.5

Primary tumor in situ 
at intended CRS-HIPEC

(n/%) 8 26.7 7 29.2

Liver metastases 
at intended CRS-HIPEC

(n/%) 3 10 2 8.3

Lymph node metastases 
at intended CRS-HIPEC

(n/%) 7 24.1 6 25

SD: Standard Deviation. BMI: Body Mass Index. ASA: American Society of Anesthesiologists Physical Status 
Classification System. TNM: TNM classification of malignant tumors. PCI: Peritoneal Cancer Index.
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3.2. Accuracy of ctDNA Analysis for Detection of PMs
Between one and four mutations (median 1.5) were identified in the tumor tissue of 
PMs from each of the 30 patients in the study. The three most frequently mutated 
genes were: KRAS (18/30 patients; 60%); TP53 (13/30 patients; 43%) and APC (8/30 
patients; 27%). Mutations in these genes are typically found in 43%, 60% and 81% 
of non-hypermutated CRC tumors, respectively [42]. A detailed list of mutations 
is described in Table S1A. By targeting these tissue-guided mutations by ddPCR 
analysis, ctDNA was detected preoperatively in 10/30 (33%) patients (Figure 2A). 
In the subgroup of patients who underwent CRS-HIPEC, the rate of detection was 
the same (8/24; 33%) and was marginally lower when the two patients with liver 
metastases were excluded (6/22; 27%). To estimate the relative amounts of ctDNA 
shed into the plasma, a median VAF of 1.8% (range 0.6–10) was determined for 
the eight patients who had detectable ctDNA. Interestingly, the VAF was marginally 
higher in patients who were later diagnosed with a systemic recurrence (median 
2.8%, range 2.1–10, n = 4) compared to a loco-regional recurrence (median 
0.6%, range 0.6–1.4, n = 3, p = 0.057). In comparison, patients in the open–close 
subgroup had the same detection rate as the overall study group (2/6; 33%), 
with a median VAF of 1.75% (range 0.9–2.6, n = 2). This suggests that there is no 
correlation between the preoperative PCI and the likelihood of ctDNA detection in 
the circulation.

Detection of ctDNA did not correlate significantly with any of the tested clinical 
variables used to assess eligibility for CRS-HIPEC, including PCI (Table S2). When 
the total cfDNA concentration was calculated for all 30 patients, there was no 
significant difference between samples that contained detectable ctDNA and 
those that did not (p = 0.422), or between samples from patients who underwent 
CRS-HIPEC (median 8.7ng ml−1, range 4.3–70.4) or an open–close procedure 
(median 7.2 ng ml−1, range 4.4–9.9; p = 0.174) (Figure 2C). If a cfDNA sample 
contained multiple mutations, their proportions closely mirrored those observed 
in PMs (Figure 2B), which suggests a faithful representation of tumor DNA in the 
circulation. All preoperative plasma samples had 100% concordance with the KRAS 
mutation status in PMs when tested with the KRAS G12/13 screening kit, which 
further indicates that the PMs were the source of the ctDNA.
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Figure 2. (A) An overview of the genes in which a somatic mutation was identified in peritoneal metastases 
(PMs) and tested for in the corresponding preoperative cfDNA sample. A black square indicates that the 
mutation was identified in both PMs and cfDNA; a grey square indicates a negative result for the 
corresponding mutations in the cfDNA. All cfDNA samples were tested using the KRAS G12/13 screening 
kit. (B) Comparison of the relative proportion of mutations detected in PMs and preoperative cfDNA 
samples. (C) Concentration of cfDNA samples. A black dot denotes that ctDNA was detected; lines indicate 
the median and the interquartile range. HRM-sequencing: High-Resolution Melting assay followed by 
Sanger sequencing.

3.3. Preoperative ctDNA as a Prognostic Marker of Recurrence
The association between preoperative ctDNA detection and recurrence was tested 
in 14/24 patients who were diagnosed with a recurrence during the follow-up 
period (median DFS 17 months, range 6–25). The proportion of these patients who 
had detectable ctDNA preoperatively was higher for those with a systemic- (4/5, 
80%) compared to a loco-regional recurrence (3/9, 33%). Regardless of the type of 
recurrence, preoperative ctDNA detection was associated with a median DFS of 6.0 
months (95%-CI 1.8–10.2), significantly worse compared to patients without ctDNA 
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detection (median DFS not reached, p = 0.016; HR 3.454, 95% CI 1.145–10.423) 
(Figure 3A). When the two patients with resectable liver metastases were excluded 
from the survival analysis, both of whom had detectable ctDNA, a trend was still 
observed, but the difference was no longer significant (median DFS 7.0 months vs 
median DFS not reached, p = 0.086; HR 2.673, 95% CI 0.806–8.857) (Figure 3B). A 
univariate analysis was performed to test the association between other clinically 
relevant clinico-pathological variables and DFS after CRS-HIPEC. A PCI higher than 
10 (5.0 months versus median DFS not reached, p = 0.035) and the presence of 
liver metastases (2.0 months versus 12.0 months, p < 0.001) were found to have a 
significant association (Table S3).

3.4. ctDNA to Support Recurrence Diagnosis During Follow-up
None of the samples taken initially after CRS-HIPEC had detectable levels of ctDNA, 
except for patient L-27. In this case, recurrences to the lungs and the spleen were 
diagnosed 7 months after CRS-HIPEC, which suggests the potential presence 
of systemic micro-metastases at the time of CRS-HIPEC. Due to the exploratory 
approach of this study, only 19 of the 24 patients provided additional samples 
during the follow-up period. Of the five patients who had a systemic recurrence, 
ctDNA was detected in four out of four patients who provided a follow-up sample 
(Figure 4). Of the nine patients who had a loco-regional recurrence, ctDNA was 
detected in one out of eight patients who provided a follow-up sample. Detection 
of ctDNA in these samples either occurred at or after diagnosis of a recurrence. 
Circulating tumor DNA was not detectable in any of the seven patients who 
provided a sample and did not have a recurrence during the follow-up period, 
which suggests a negative predictive value. Notably, levels of background cfDNA 
were significantly higher during the 2 months following CRS-HIPEC (p ≤ 0.001) and 
returned to preoperative levels by 7 months, commensurate with tissue damage 
associated with the procedure (Figure S1).
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Figure 3. Survival analysis of patients who received CRS-HIPEC. (A) All patients (n = 24). (B) All patients 
except those diagnosed with preoperative liver metastases (n = 22). DFS: Disease-free Survival.

Figure 4. Tissue-guided ctDNA analysis of plasma samples taken from 14/24 patients during follow-
up after CRS-HIPEC. Ten patients did not provide a sample. Patients are categorized by the location of 
metastases before or during CRS-HIPEC and the location of recurrence(s) during follow-up. The blue color 
is to highlight a positive result.
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4. Discussion
This pilot study demonstrates the promising feasibility of ctDNA as a prognostic 
marker of recurrence in CRC patients with PMs who are eligible for CRS-HIPEC. 
Preoperative detection of ctDNA could influence the decision to undergo CRS-
HIPEC but larger studies are required to validate the clinical utility of this approach. 
In this study, ctDNA was detected preoperatively in 33% of patients and there 
was a trend between detection and reduced DFS. However, it was not possible to 
quantify the extent of PMs based on ctDNA detection and cfDNA quantification. 
This is the first study to apply preoperative tissue-guided ctDNA analysis exclusively 
to patients selected for CRS-HIPEC to treat PMs of CRC.

A comparable study by Baumgartner et al. (2018) used an NGS-based approach to 
investigate preoperative ctDNA in patients who underwent surgery to treat PMs 
of various cancer types. This study reported an overall ctDNA detection rate of 
39% across all the included cancer types, with a solid-tissue concordance of 35.3% 
when comparison was possible [30]. In our investigation, the ctDNA detection rate 
in patients with isolated PMs was similar at 33%. Despite patients having a form 
of metastasis, these ctDNA detection rates are more in line with those seen in 
stage I CRC (40%) [43]. There is little evidence that ctDNA detection in early-stage 
CRC has prognostic value [28], but interestingly in our study it was found to be 
predictive of a reduced DFS, despite a comparatively low detection rate. PMs are 
understood to spread to the peritoneum through a local form of dissemination 
[2,44], rather than through the circulation [45]. The metastatic site is an important 
determinant of ctDNA detection, as CRC metastases to the lung, for example, 
have a lower VAF than to liver or lymph nodes [46]. If CRC patients have isolated 
PMs, the VAF tends to be lower compared to patients with no PMs or PMs with 
involvement from other metastatic sites [45]. We hypothesize that ctDNA from 
isolated PMs is usually poorly shed into the plasma compared to primary or 
systemically-spread CRC, which could explain the comparatively low preoperative 
ctDNA detection rate and lack of a significant relationship to the PCI score. 
Preoperative detection of ctDNA could occur because these patient’s PMs shed 
greater than usual quantities of ctDNA and are more prone to systemic spread. 
This might also explain why seven out of eight patients who had detectable ctDNA 
preoperatively were later diagnosed with a recurrence, despite the intended 
removal of all PMs by CRS-HIPEC. Alternatively, there may have been an additional 
ctDNA contribution from un-diagnosed systemic metastases that already existed 
below the detection threshold of imaging techniques at preoperative assessment. 
CtDNA from these metastases may have been masked in the weeks following CRS-
HIPEC, due to increased background cfDNA from tissue damage and inflammation 
[47], then become detectable again at diagnosis of recurrence. Another reason 
for postoperative detection could have been the presence of minimal residual 
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disease after CRS-HIPEC. Recent studies have shown patients with localized CRC 
to be at a higher risk of recurrence if ctDNA was detected after resection [48]. 
Similarly, locally advanced rectal cancer patients could be stratified into groups at 
high or low risk of recurrence based on postoperative ctDNA detection [49].

If preoperative ctDNA detection is validated as a marker of a more invasive tumor 
type or of undiagnosed metastases, the use of a local treatment such as CRS-HIPEC 
as a stand-alone therapy may have limited curative potential in this situation. A 
more appropriate treatment for these patients would be (neoadjuvant) systemic 
therapy in addition to CRS-HIPEC, an approach used in the PRODIGE-7 trial [14] 
and is currently under investigation in the CAIRO-6 study [50]. It may even be 
appropriate to withhold CRS-HIPEC, as the median DFS of 6 months in patients 
with detectable preoperative ctDNA is similar to the typical physical and quality of 
life recovery time [51].

Our results with a limited number of available follow-up blood samples hints at 
the potential of ctDNA analysis to support recurrence monitoring after CRS-HIPEC. 
Detection of ctDNA in samples from all four patients with a systemic- and one 
out of eight with a loco-regional recurrence, either at or after the diagnosis of 
recurrence by standard techniques, suggests a confirmatory role for ctDNA. If 
validated by a larger study, this finding could lead to an earlier start of palliative 
treatments to reduce disease-related symptoms, or indicate a repeat HIPEC with 
curative intent in patients with oligo- and loco-regional recurrence [18].

Despite the limited number of tissue-guided mutations tested in cfDNA by ddPCR, 
the detection rate was comparable to Baumgartner et al. (2018) who screened 
for mutations with an NGS panel. We identified a median of 1.5 mutations per 
patient (range 1–4, n = 30) in PMs, with all tested mutations found back in samples 
that contained ctDNA, except for in one follow-up sample from patient L-18. 
Baumgartner et al. (2018) detected a median of 2 mutations (range 1–6, n = 7) 
in ctDNA of CRC patients with PMs [30]. A comparable study of ctDNA in patients 
with metastatic or recurrent CRC had a similar detection rate (median 2 mutations, 
range 0–25, n = 74) [52]. An explanation for our slightly lower detection rate could 
be that the TSACP panel was limited to 48 genes, so may have missed less common 
mutations. This, plus the low sample numbers, could also explain the difference 
between the mutations detection in our study and those detected in frequently 
mutated genes described in the literature. A limitation of our tissue-guided 
approach is that patients who had not undergone a primary tissue resection 
before CRS-HIPEC—in this case 5/30 patients—would need a biopsy of PMs to 
enable ctDNA analysis. However, available biopsied tissue does not guarantee 
that mutations will be identified, as three patients were excluded from the study 
due to a lack of targetable mutations in their PMs. If biopsied tissue is not available 
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or mutations are not detected, an NGS panel of commonly mutated genes should 
be considered to screen for ctDNA, provided a sensitivity comparable to ddPCR 
can be reached.

An alternative approach to non-invasive PM assessment is through improved 
imaging modalities. Two recent studies showed the feasibility of DW-MRI to improve 
the detection and quantification of colorectal PMs compared to conventional CT 
imaging [25,53]. However, DW-MRI could underestimate the extent of metastases, 
especially of signet ring cell or mucinous adenocarcinomas [25,53]. In our study, 
9/30 (30%) patients had these sub-types so may not have benefitted from DW-MRI 
alone. Interestingly, a study by Vidal et al. 2017 showed patients with mucinous 
tumors to have a lower than expected ctDNA VAF [45]. This poses an additional 
challenge for the detection and quantification of tumors with mucinous histology. 
Molecular characterization of the tumor through a solid or liquid biopsy, as 
demonstrated in our study, would still be required to enable the use of targeted 
therapies, for example. Confirmatory studies are necessary before DW-MRI can be 
implemented as a standard technique for analysis of PMs.

The clinical variability of patients in our pilot study supports the feasibility of our 
approach. Inclusion of patients with a primary tumor in situ or liver metastases 
reflects the clinical reality of CRS-HIPEC candidates, even though these factors 
may have increased the chance of ctDNA detection. To the best of our knowledge, 
this is the first study to analyze the mutation status of PMs and both pre- and 
postoperative plasma samples in a cohort of CRC patients eligible to receive CRS-
HIPEC. Investigations are needed to understand the biological factors affecting 
ctDNA representation in plasma, particularly in cases of localized dissemination 
such as PMs. Although a pilot study, the findings presented here are potentially 
practice changing and should be validated by larger clinical studies.

5. Conclusions
This pilot study demonstrates the feasibility of ctDNA as a prognostic marker in the 
clinical management of CRC patients with PMs. If ctDNA is detected preoperatively, 
patients may experience greater benefit from chemotherapy in addition to, or 
instead of, CRS-HIPEC. Additionally, the approach outlined here could support 
the detection of recurrences along-side conventional diagnostic methods during 
follow-up. To allow clinical implementation, these results require confirmation by 
larger trials and ultimately, by prospective studies in which treatment decisions 
are based on ctDNA analysis.
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Supplementary material
Materials and methods

Clinical and pathological data
The following clinical and pathological data were obtained from the patient’s records: 
age, sex, body-mass index, ASA-classification, primary tumour location, TNM-
stage and tumour histology. Information relating to prior treatment was obtained, 
including: previous administration of systemic chemotherapy; previous resection of 
the primary tumour; the presence of lymph node or haematogenous metastases at 
the time of CRS-HIPEC; PCI scores from zero to 39, measured by DLS.1,2 

Blood processing
Preoperative blood was collected through a central venous or arterial line into 
two 10ml Cell-free DNA Blood Collection Tubes (Streck Inc, Nebraska, USA). If 
Streck tubes were unavailable, three 6ml EDTA tubes (BD Vacutainer, NJ, USA). All 
samples were centrifuged within eight hours of collection at 820g for 10 minutes, 
the plasma layer transferred to a 50ml tube without disturbing the buffy coat, then 
transferred to 1.5ml tubes and spun at 16 000g for 10 minutes. The plasma was 
subsequently transferred into 1.8ml Nunc CryoTubes (Merck KGaA, Darmstadt, 
Germany) without disturbing the pellet and stored at -80˚C. 

DNA isolation and mutation analysis 
Biopsied PMs were processed according to a routine protocol in which the formalin-
fixed paraffin-embedded tumour tissue was manually macro-dissected from serial 
sections guided by a haematoxylin and eosin stained tissue section on which the 
tumour region was marked by a pathologist. 3,4 Genomic DNA from PMs were 
analysed using the 48-gene, 212-amplicon TruSeq Amplicon Cancer Panel (TSACP) 
of commonly mutated onco- and tumour suppressor genes of solid malignancies 
Illumina Inc., CA, USA) as previously described. 4 One sample could not be successfully 
analysed using TSACP, so underwent testing with High Resolution Melting assay 
follow by Sanger sequencing (HRM-sequencing) for KRAS and NRAS exon 2-4, BRAF 
exon 15 and PIK3CA exon 9 and 20 as previously described. 5 

gBlocks and ddPCR
All gBlocks were individually diluted to a concentration of 1% in 8ng of pooled 
wild-type human DNA (Megapool Reference DNA, Leica Biosystems, Wetzlar, 
Germany), which had been sheared to an average length of 150 base-pairs by 
ultrasonification (Covaris Focussed-ultrasonicator M220, MA, USA) to mimic the 
properties of cfDNA fragmentation. Droplet digital PCR was performed on a 
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QX200 (BioRad) using 8ul undiluted cfDNA elution under the following thermo-
cycler conditions: 95˚c for 10 minutes, 40 cycles of 94˚c for 30 seconds then 53˚c 
(55˚c for KRAS screening kit) for 1 minute, followed by 98˚c for 10 minutes and 
an overnight hold at 12˚c. Thresholds to determine positive droplets were set 
individually for each kit based primarily on the performance of the gBlock analysis 
(Supp. table 1A). Results were deemed mutant-positive if four or more FAM-dye 
positive droplets were observed.
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Figure S1. Mean cfDNA yields of plasma samples taken preoperatively and during follow-up. All samples 
were negative for ctDNA.
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Table S2. Correlations between preoperative cfDNA detection (positive versus negative for ctDNA) and 
clinical and pathological variables. * Mann-Whitney U test. ** Fisher’s exact test. BMI: Body Mass Index. 
PCI: Peritoneal Cancer Index.

  Preoperative ctDNA analysis

Characteristic  ctDNA pos
 (n=10)

ctDNA neg 
(n=20)

p-value

  Mean (SD) Mean (SD)  

BMI 26.8 (3.9) 27.3 (5.8) 0.801*

PCI  10.1 (8.7) 10.2 (8.2) 0.910*

  n (%) n (%)  

Primary tumour 
location

Colon 10 (100) 17 (85) 0.532**

 Rectum 0 (0) 3 (15)  

Differentiation 
grade primary

Good/moderate 9 (100) 14 (88) 0.520**

Poor/signet cell 0 (0) 2 (13)  

Mucinous tumour Yes 2 (20) 6 (30) 0.682**

 No 8 (80) 14 (70)  

Previous 
chemotherapy

Yes 4 (40) 7 (35) 1.000**

 No 6 (60) 13 (65)  

Primary tumour 
in situ

Yes 3 (30) 5 (25) 1.000**

at CRS-HIPEC No 7 (70) 15 (75)  

Lymph node 
metastases

Yes 3 (30) 4 (21) 0.665**

at CRS-HIPEC No 7 (70) 15 (79)  

Liver metastases Yes 2 (20) 1 (5) 0.251**

at CRS-HIPEC No 8 (80) 19 (95)  

Procedure CRS-HIPEC 8 (80) 16 (80) 1.000**

 Open-close 2 (20) 4 (20)
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Table S3. Correlations between clinical and pathological characteristics and Disease Free Survival 
(DFS) in months. *log-rank test. NR: Not Reached. BMI: Body Mass Index. ASA: American Society of 
Anesthesiologists Physical Status Classification System. PCI: Peritoneal Cancer Index

  Disease-free survival
Characteristic  Number of 

patients
Median DFS 

(95% CI)
p-value*

General     

Age in years <66 12 7.0 (0.2-13.8) 0.122

 ≥66 12 NR  

Gender Male 14 7.0 (5.2-8.8) 0.282

 Female 10 13.0 (9.2-16.8)  

BMI ≤27 13 11.0 (4.2-17.8) 0.359

 >27 11 NR  

ASA I-II 17 12.0 (4.6-19.4) 0.923

 III 7 10.0 (2.3-17.7)  

Preoperative ctDNA Yes 8 6.0 (1.8-10.2) 0.016

 No 16 NR  

Primary tumour     

T-stage T1-3 9 NR 0.056

 T4 15 7.0 (2.2-11.8)  

N-stage N0 8 NR 0.594

 N1-2 16 11.0 (3.1-18.9)  

Differentiation grade Good/moderate 19 13.0 (-) 0.051

Poor/signet cell 2 4.0 (-)  

Angio-invasion Yes 8 7.0 (1.5-12.5) 0.632

 No 14 10.0 (2.6-17.4)  

Lymphatic invasion Yes 5 6.0 (3.9-8.1) 0.218

 No 17 12.0 (8.8-15.2)  

Mucinous tumour Yes 6 7.0 (1.0-13.0) 0.243

No 18 13.0 (-)  

Treatment     

Primary tumour in situ 
at CRS-HIPEC

Yes 7 7.0 (3.2-10.8) 0.266

 No 17 13.0 (7.9-18.1)  

PCI ≤10 16 NR 0.035

 >10 8 5.0 (0.8-9.2)  

Liver metastases Yes 2 2.0 (-) <0.001

 No 22 12.0 (8.2-15.8)  

Lymph node metasta-
ses at CRS-HIPEC

Yes 6 7.0 (0.3-13.7) 0.407

 No 18 12.0 (6.9-17.1)  
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Highlights
• ctDNA testing of NSCLC patients with complex treatment history in clinical 

setting.

• A trend between ctDNA detection and progression under osimertinib in 2nd 
/ 3rd line.

• Monitoring response with ctDNA may benefit patients following previous 
EGFR-TKIs.

Abstract 
Objectives
Circulating tumor (ct)DNA analysis is rapidly gaining acceptance as a diagnostic 
tool to guide clinical management of advanced non-small cell lung cancer (NSCLC). 
Clinically-actionable EGFR mutations can be detected in ctDNA before or after first-
line EGFR-Tyrosine Kinase Inhibitor (TKI) treatment, but data are limited for patients 
with a complex treatment history. This study aimed to explore the feasibility of 
ctDNA testing in a clinical setting of NSCLC patients receiving osimertinib as a 
second or third line EGFR-TKI. 

Materials and methods
Twenty EGFR T790M-positive NSCLC patients, who had received osimertinib as a 
second or third line EGFR-TKI and had donated blood samples while attending 
routine follow-up consultations between April and November 2016, were 
retrospectively selected to test plasma cfDNA for tumor-guided EGFR mutations. 
We used EGFR mutations previously identified in tumor-tissue to retrospectively 
test plasma ctDNA from 20 patients who had received osimertinib as a second or 
third line EGFR-TKI. Both EGFR-TKI sensitising and T790 M resistance mutations 
were analysed by droplet digital PCR (ddPCR) in plasma taken alongside routine 
consultations and ctDNA detection was correlated with response under osimertinib. 
Follow-up solid-tissue biopsies were obtained after disease progression. 

Results
CtDNA was detected under osimertinib treatment in four out of the eight patients 
(50 %) who showed no response, two out of the seven (29 %) who showed an 
initial response and none of the five patients (0 %) who showed an ongoing 
response. The fraction of EGFR-mutant ctDNA in plasma tended to be higher in 
non-responders (0.1-68 %), compared to the initial responders (0.2-1.1 %). Blood 
samples were donated up to 34, 27 and 49 weeks after the start of osimertinib for 
the non-, initial and ongoing responders, respectively. 
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Conclusions
These findings support a potential role for ctDNA analysis in response monitoring 
of NSCLC patients with a complex EGFR-TKI treatment history. The weak trend 
between ctDNA detection and disease progression warrants larger studies to 
further investigate potential clinical utility. 

Keywords
Circulating tumor DNA; EGFR; EGFR-TKI; Monitoring; NSCLC; Osimertinib.
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1. Introduction
Mutations in the epidermal growth factor receptor (EGFR) gene are among the 
most clinically relevant biomarkers in non-small cell lung cancer (NSCLC) [1]. 
Molecular analysis usually requires a cytological sample or a solid-tissue biopsy, 
which is invasive and not always feasible when the tumor cannot be safely biopsied 
or material is insufficient for molecular testing [2]. A more accessible bio-source 
may be circulating tumor (ct)DNA, the portion of cell-free (cf)DNA that originates 
from tumor cells [3]. In studies of NSCLC patients, ctDNA was shown to give a 
good representation of tumor EGFR status before EGFR-Tyrosine Kinase Inhibitor 
(TKI) treatment [4],[5]. A significant correlation was found between pre-treatment 
ctDNA quantity and tumor volume, which can serve as a dynamic measure of 
tumor response under EGFR-TKIs [6, 7, 8]. Crucially, the detection of emerging 
mutations in ctDNA can provide early signs of resistance, even before clinical 
confirmation using standard radiographic techniques [6],[9].

As a result, ctDNA analysis is recommended to guide therapy decisions based 
on the detection of EGFR mutations that confer sensitivity or resistance to initial 
lines of EGFR-TKI treatment [10, 11, 12]. This recommendation awaits evidence 
before expansion to include additional markers and/or applications, such as 
post-osimertinib progression evaluation to guide next line therapy. For example, 
ctDNA MET amplifications may serve as a predictive marker for a combination of 
osimertinib and savolitinib [13]. Furthermore, the clinical value of EGFR ctDNA 
analysis from NSCLC patients with a complex treatment history and previously 
established resistance to first or second-line EGFR-TKIs remains unclear. Recent 
case studies have revealed an increase in the complexity of the mutational 
landscape in tumors from patients exposed to EGFR-TKIs [14, 15, 16], which 
raises questions about the interpretation and clinical validity of ctDNA analysis 
in this situation. This study set out to explore the feasibility of ctDNA testing in a 
clinical setting of NSCLC patients with a history of EGFR-TKI treatment. Using the 
highly sensitive droplet digital PCR (ddPCR) technique, we aimed to investigate the 
relationship between the detection of tumor-guided EGFR mutations in the ctDNA 
of patients receiving osimertinib as a second or third line EGFR-TKI and to explore 
the relationship with disease progression.

2. Materials and methods
2.1 Patients
NSCLC patients gave written informed consent and donated extra blood samples 
during routine consultations between April and November 2016, for storage in 
the Liquid Biopsy Center at the Cancer Center Amsterdam, Amsterdam University 
Medical Center, The Netherlands. Only patients with histologically confirmed 
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adenocarcinoma and a tumor sample positive for EGFR T790 M and a concurrent 
EGFR-TKI sensitising mutation – either an EGFR exon 19 deletion (n = 14) or exon 
21 L858R (n = 6) – were retrospectively selected. Follow-up solid-tissue biopsies 
were taken during or after osimertinib treatment if progression was diagnosed, 
to identify potentially new targetable mutations. For this study, only patients 
who had provided at least one blood sample while receiving osimertinib were 
ultimately included. Clinical, pathological and radiographic data were retrieved 
from patient records, including the site of metastases at the time of first blood 
sampling (Table 1). None of the patients received chemotherapy and osimertinib 
concurrently. Response under osimertinib treatment was recorded at the time 
of blood sampling according to Response Evaluation Criteria in Solid Tumors 
(RECIST) analysis [17]. An estimation of overall tumor burden was not feasible 
because exact measures were not documented in patient records during routine 
clinical practice.

Table 1. Baseline characteristics of all patients included in the study.

Characteristic Non-responder (%) Responder (%) Total (%)
Initial Ongoing

No. of patients 8 (40) 7 (35) 5 (25) 20

Age at first blood sampling 
(years) 
Mean (SD) 
Median (range)

63 (8) 

65 (54−79)

68 (7.8) 

70 (57−81)

50 (10.9) 

45 (41−68)

61 (11) 

64 (41−81)

Sex

Male 0 5 (71) 1 (20) 6 (30)

Female 8 (100) 2 (29) 4 (80) 14 (70)

Smoking status

Never 1 (13) 0 4 (80) 5 (25)

Former 3 (38) 3 (43) 0 6 (30)

Current 0 0 1 (20) 1 (5)

Unknown 4 (50) 4 (57) 0 8 (40)

WHO performance status

0 0 1 (14) 1 (20) 2 (10)

1 6 (75) 4 (57) 3 (60) 13 (65)

2 2 (25) 2 (29) 0 4 (20)

3 0 0 1 (20) 1 (5)

Number of sites of metastasis

1 1 (13) 1 (14) 0 2 (10)

2 1 (13) 4 (57) 5 (100) 10 (50)

3 5 (63) 2 (29) 0 7 (35)
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Characteristic Non-responder (%) Responder (%) Total (%)
Initial Ongoing

4 1 (13) 0 0 1 (5)

Site(s) of metastasis

Lung 5 (63) 6 (86) 1 (20) 12 (60)

CNS 4 (50) 1 (14) 1 (20) 6 (30)

Leptomeningeal 1 (13) 0 1 (20) 2 (10)

Bone 3 (38) 5 (71) 3 (60) 11 (55)

Liver 2 (25) 1 (14) 1 (20) 4 (20)

Pleura 2 (25) 2 (29) 3 (60) 7 (35)

Other 3 (38) 0 0 3 (15)

Prior EGFR-TKI treatment

gefitinib 1 (13) 3 (43) 4 (80) 8 (40)

erlotinib 7 (88) 4 (57) 1 (20) 12 (60)

afatinib 1 (13) 0 0 1 (5)

rociletinib 3 (38) 0 1 (20) 4 (20)

ALK-TKI

ceritinib 1 (13) 0 0 1 (5)

crizotinib 2 (25) 0 0 2 (10)

Other targeted therapies 3 (38) 1 (14) 2 (40) 6 (30)

Chemotherapy 6 (75) 2 (29) 2 (40) 10 (50)

EGFR mutation

L858R 2 (25) 3 (43) 1 (20) 6 (30)

Exon 19 deletion 6 (75) 4 (57) 4 (80) 14 (70)

T790M 8 (100) 7 (100) 5 (100) 20 (100)

Patients were classified into three groups for response evaluation: 1) non-
responders (n = 8), if they had progressive disease at the time of their last blood 
sample under osimertinib (up to 34 weeks), 2) initial responders (n = 7), if they 
had partial response or stable disease by the time of their last blood sample (up 
to 27 weeks) followed by progression after this period, or 3) ongoing responders 
(n = 5), if they had partial response or stable disease during sampling (up to 49 
weeks) and no progression was detected at the time of review. The study was 
approved by the Institutional Review Board (IRB) / Independent Ethics Committee 
(IEC) according to GCP and to Dutch regulatory and legal requirements.
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2.2 Tumor tissue mutation status
Mutation analysis of formalin-fixed paraffin-embedded (FFPE) tumor tissue 
biopsies was performed as part of ISO certified routine diagnostic procedures at 
the Department of Pathology, Amsterdam UMC, location VUmc, with the Illumina 
TruSeq Amplicon Cancer Panel (TSACP) as previously described [18]. This next 
generation sequencing (NGS) panel is designed to sequence mutational hotspots, 
including single nucleotide variants and small indels, targeting 212 amplicons 
in 48 cancer-related genes [18]. Amplifications in EGFR, ERBB2 and MET were 
inferred from NGS coverage data [19]. If NGS was unsuccessful, High Resolution 
Melting assay followed by Sanger sequencing (HRM-sequencing) was performed 
as previously described [18],[20]. If DNA analysis had already been performed in 
routine diagnostics at an external institute, the EGFR status was extracted from the 
clinical records or pathology reports.

2.3 Blood collection
Blood was collected through venepuncture into three 6 mL EDTA tubes. Whole 
blood was centrifuged at 900 g for 7 min, typically within six hours of collection, 
the plasma layer carefully transferred to a clean 10 mL tube without disturbing the 
buffy coat (interphase layer containing leukocytes and platelets), then centrifuged 
again at 2500 g for 10 min. Avoiding the pellet at the bottom of the tube, plasma 
was transferred again to fresh 10 mL tube and centrifuged at 500 g for 10 min. 
Following a final transfer to a clean 10 mL tube, 1.5 mL aliquots of plasma were 
transferred to Nunc CryoTubes (Merck KGaA, Darmstadt, Germany) and stored at 
−80 °C until further use.

2.4 Plasma cell-free (cf)DNA isolation
Three millilitres of plasma were used as input for the QIAsymphony Circulating 
DNA Kit according to the manufacturer’s instructions (QIAgen, Hilden, Germany). 
To control for the consistent performance of isolations, a plasma pool of controls 
from individuals without NSCLC was established from which an aliquot was 
included in each run. All cfDNA concentrations were measured using the Qubit 
Double Stranded DNA High Sensitivity Assay Kit (ThermoFisher Scientific, MA, USA). 
To estimate the cfDNA concentration per mL of plasma, the Qubit measurement 
was extrapolated based upon a plasma volume of 3 mL and the cfDNA elution 
yield of each sample.

2.5 Droplet Digital (dd)PCR assays
Isolated cfDNA was tested using ddPCR for the specific EGFR exon 19 deletion 
or L858R mutation identified in the osimertinib baseline biopsy, in addition to 
T790  M (Sup. Table 1, sup. Materials). Reactions were set-up according to the 
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manufacturer’s protocol, except for an annealing temperature of 54˚c (BioRad, 
California, USA). The results from the mutant and wild-type probe for each assay 
(number of copies/well) were used to calculate the Variant Allele Frequency (VAF 
%) and estimate the concentration of cfDNA in each plasma sample. All kits were 
verified using serial dilutions of mutant DNA in a background of wild-type DNA 
(0.02 %–50 %) prepared from genomic DNA isolated from cell-lines: NCI-H1975 
(T790 M and L858R), NCI-H1650 (E746_A750del), SiHa and HCT-116 (wild-type for 
assayed EGFR mutations) that was fragmented to an average length of 150bp using 
an S220 Focussed-ultrasonicator (COVARIS, MA, USA). Each assay demonstrated 
an analytical sensitivity of 0.5 % at a total DNA input of 5 ng (approximately 1500 
template copies). Furthermore, the workflow was verified by inter-laboratory 
evaluation and by successful participation in European Society of Pathology Lung 
External Quality Assessment Scheme for cfDNA [21].

2.6 Data and statistical analysis
Data from ddPCR were analysed using QuantaSoft software (version 1.7.4.0917; 
Bio-Rad Laboratories, Inc.) with quality-dependent thresholds for mutation 
detection set manually per run for the exon 19 deletion multiplex kit (Ch1 3487–
5400, Ch2 4281–5250) or with an R-script for all other kits (code available upon 
reasonable request). The R-script removed outlier empty droplets (amplitude 
<0) and defined clusters based on the relative number of droplets at each 
amplitude. The mean amplitude of the clusters was calculated for each channel 
and thresholds fixed at three standard deviations (thresholds: L858R Ch1 1985, 
Ch2 1935; exon 19 deletion Ch1 2588, Ch2 3645; T790 M Ch1 2692, Ch2 2042). 
A sample was considered mutant positive when five or more FAM (fluorescent 
dye) positive droplets were detected. The result was considered valid if no more 
than two FAM positive droplets were observed in the no-template or the wild-type 
controls included in each run. The ddPCR input was based on a standard volume 
of 8 μL, rather than on a fixed concentration. To account for the effect of cfDNA 
input on the limit of detection, the theoretical VAF necessary to produce a positive 
result was calculated for each reaction using the method described by Heitzer et 
al. (2019) [22]. Differences in cfDNA concentration between response groups was 
tested using the Kruskal-Wallis one-way analysis of variance by ranks (GraphPad 
Prism v7.02) with statistical significance based upon a p-value <0.05.
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3. Results
3.1 Study cohort
Table 1 reports baseline characteristics of the twenty T790M-positive NSCLC 
patients receiving osimertinib as a second or third line EGFR-TKI, stratified for 
clinical treatment response (non-responders (n = 8), initial responders (n = 7), and 
ongoing responders (n = 5)). The timing of blood sampling was heterogeneous 
as it coincided with routine consultations which occurred up to 34, 27 and 49 
weeks after the start of osimertinib for the non-, initial and ongoing responders, 
respectively.

3.2 Plasma analysis

3.2.1 cfDNA concentrations
A median cfDNA concentration of 13 ng mL−1 plasma (range, 3–324) was measured 
across all samples by Qubit analysis, with concentrations of 17.1 (8–324), 13.5 (7–
135) and 8.0 (3–21) ng mL−1 from non-responders, initial responders and ongoing 
responders, respectively. Although concentrations tended to be higher in non-
responders, there was no statistically significant difference between response 
groups (Fig. 1A). There was also no difference between the cfDNA concentration 
and the number of detected metastatic sites at the time of sampling (Fig. 1B) nor 
the particular site of metastasis (Fig. 1C). The cfDNA concentration estimated by 
ddPCR showed a strong correlation with Qubit analysis (R2 = 0.967) (Fig. 2A).



98

Chapter 4

Figre 1A. Concentration of each cfDNA sample estimated from Qubit analysis (y-axis) and categorized 
by patient response to osimertinib (x-axis). B: Concentration of each sample according to the number 
of detectable metastatic sites identifi ed in each patient at the time of sampling. Horizontal long lines 
indicate the median and the shorter lines the inter-quartile range. The Kruskal-Wallis one-way analysis 
of variance by ranks was used to test diff erence between groups (p-values are displayed on top of the 
fi gures). C: Concentration of cfDNA in the fi rst sample from each patient, categorized by response. The 
colors represent the particular metastatic site at the time of sampling.
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Figure 2A. The concentration of each cfDNA sample measured by Qubit (ng/uL, left y-axis) and ddPCR 
(copies/ul, right y-axis). Each mark on the x-axis indicates a patient sample. Each patient provided between 
one and three samples, separated by grey shading. If a patient provided multiple samples, the sampling 
time-points run from left to right. Dashed lines indicate the divide between response categories which are 
labelled on top of the fi gure. Colors indicate the result of the tumor-guided assays used (see box); a black 
border around a point indicates that ctDNA was detected. B: VAF (%) in samples that contained ctDNA. 
C: The theoretical upper bound of ctDNA detection given the cfDNA input and the requirement of fi ve 
positive droplets for a positive result.
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3.2.2 EGFR ctDNA detection and variant allele frequency (VAF)
The ddPCR kits detect ctDNA when a probe binds to a fragment that contains a 
specific EGFR mutation. A second probe targets the wild-type sequence to allow 
calculation of the VAF in the sample. In this manner, EGFR ctDNA was detected 
in at least one of the plasma samples from 6/20 (30 %) patients overall. There 
was no clear link between ctDNA detection and the number of metastatic sites 
nor the particular site of metastasis (supplementary Fig. 1). Stratified by response, 
detection occurred in 4/8 (50 %) non-responders, 2/7 (29 %) initial responders and 
0/5 (0 %) ongoing responders. If EGFR ctDNA was not detected in a ddPCR reaction, 
the minimum detectable fraction of ctDNA was predicted given the variable cfDNA 
input to each reaction (median 3.4 ng; range 1 −86 ng). The detectable fraction 
ranged from 0.2 % for the highest input to 7.0 % for the lowest input of cfDNA (Fig. 
2C). This dynamic threshold is specific to each reaction so should be considered in 
the interpretation of any negative result reported here.

A greater proportion of non-responders had detectable ctDNA and it was usually 
at a higher VAF compared to initial responders (Fig. 2A&B). None of the five 
ongoing responders had detectable levels of ctDNA (Fig. 3C). In samples from the 
non-responders, the co-occurring sensitising and T790  M EGFR mutations were 
both detected in patients P3 and P13; while only the sensitising EGFR exon 19 
deletion was detected in patients P8 and 17. The VAF ranged from 9 to 68 % for the 
sensitising mutation and between 0.1–1.4 % for T790 M (Fig. 2B).
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Figure 3. Pathological and clinical details of A: non-responders, B: initial responders and C: ongoing responders 
to osimertinib. PR; Partial Response, SD; Stable Disease, PD; Progressive Disease, S; solid tissue biopsy, L; liquid 
biopsy, N/A; mutation not included in assay used, - ; mutation not detected, ✓; mutation detected.
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Two (29 %) of the seven initial responders (P1 and 12) had detectable levels of 
ctDNA (Fig. 3B). The L858R mutation was detected in patient P12 across two 
time points under osimertinib, with a VAF ranging from 0.2 – 0.4 %. The T790 M 
mutation was detected in patient P1 at a VAF of 1.1 %, however the sensitising 
mutation could not be tested as it was not targeted by the ddPCR assay (Sup. Table 
1, sup. Methods).

3.3 Solid tissue analysis
Data regarding genetic alterations in both the osimertinib baseline and follow-up 
solid tumor biopsies were considered in relation to treatment response and EGFR-
TKI treatment history. All patients had received erlotinib or gefitinib as a first-line 
EGFR-TKI and five had subsequently received afatinib (n = 1) or rociletinib (n = 4) 
as a second line prior to starting osimertinib treatment.

Of the non-responders, half had received two previous lines of EGFR-TKI treatment 
prior to starting osimertinib treatment, which is the highest proportion across the 
three response groups (Table 1). Data regarding genetic alterations in both the 
osimertinib baseline and follow-up solid tumor biopsies were available for seven 
out of eight patients. Amplifications in EGFR or ERBB2 detected in the baseline 
biopsy of four patients (P3, 8, 13 and 29; Fig. 3A, Sup. Table 1) were confirmed in 
the follow-up. A MET amplification was detected in the follow-up of three patients 
(P13, 17 and 21) but was not detected in the baseline biopsy of P13 and P21 and was 
not tested for in the baseline of P17. Interestingly, EGFR T790 M was not detected 
in the follow-up solid-tissue biopsy of six (75 %) out of eight non-responders.

All initial responders had received one previous line of EGFR-TKI, either gefitinib 
or erlotinib, before starting osimertinib treatment. In three patients (P1, 5 and 
15; Fig. 3B, Sup. Table 1), EGFR mutations L718Q and/or C797S were detected in 
the follow-up but not in the osimertinib baseline biopsy. Other mutations such as 
BRAF V600E and amplifications in ERBB2 and EGFR were also identified in follow-
up biopsies but were not tested in the baseline. The T790 M mutation was not 
detected in the follow-up solid-tissue biopsy of one (14 %) out of seven initial 
responders (P11).

The majority of ongoing responders (four out of five) had received one line of 
EGFR-TKI before starting osimertinib treatment. In three of the five patients, the 
follow-up tumor-tissue biopsy had an amplification in either ERBB2, FGFR1 or EGFR 
and one patient had an L718R EGFR mutation, none of which were detected in 
the baseline biopsy (Fig. 3C, Sup. Table 1). EGFR T790 M was not detected in one 
patient and was maintained in two. For the remaining two patients it could not be 
determined as no follow-up biopsy was available.
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4. Discussion
This study shows the feasibility of EGFR-mutant ctDNA detection in patients treated 
with osimertinib after previous lines of EGFR-TKI. CtDNA was most frequently 
detected in plasma from non-responders to osimertinib, although negative 
results were observed among all three response groups. In line with clinical 
recommendations, a negative result should prompt additional analysis of either 
ctDNA or DNA from a tumor biopsy, preferably with an NGS-based test [12].

Liquid biopsy has the potential to monitor response during EGFR-TKI treatment 
without the need for repeat solid-tissue sampling. Despite the implementation 
of technically valid approaches, important questions remain over the clinical 
validity and utility of ctDNA analysis [23]. Our results build on previous studies 
of advanced NSCLC patients, although these are not always directly comparable 
due to differences in pre-analytical workflows, analytical techniques or patient 
populations. Despite this, the median cfDNA concentration of 13 (3–324) ng mL−1 
plasma in the current study is in line with earlier reports of NSCLC patients under 
systemic therapy [24]. Plasma cfDNA concentration, regardless of mutation status, 
can be a prognostic biomarker in treatment-naive patients [25]. However, in the 
current study this measure alone could not distinguish between the response 
groups, which suggests a reduced clinical utility in patients with a complex 
treatment history.

For response monitoring, the detection of EGFR-mutant ctDNA in 50 % of non-
responders in our study is similar to the 42 % detection rate in 26 stage IV 
adenocarcinoma patients after progression under osimertinib [26]. Three (12 %) 
of the 26 osimertinib resistant patients in the aforementioned study acquired 
EGFR C797S and maintained both the T790 M and the initial EGFR sensitising 
mutation [[26]]. We observed this in the follow-up biopsy from 20 % of patients 
in our study, all of whom were initial responders prior to developing resistance to 
osimertinib. The loss of T790 M is associated with earlier resistance to osimertinib 
and was seen in 68 % of cases in a separate study after re-sequencing of solid 
tumor material at the time of resistance [27]. In our study, we report the apparent 
loss of T790 M in the solid-tissue follow-up biopsy in 75 % of non-responders, 
14 % on initial- and 20 % of ongoing responders, for whom we have comparable 
data. We could also support earlier reports of amplifications in MET, ERBB2 and the 
well-studied EGFR C797S mutation as potential mediators of resistance in some 
patients [28, 29, 30, 31]. Differences in solid-tumor mutation profiles between 
osimertinib response groups could be related to the number of previous TKIs a 
patient received - as non-responders in our study typically received more previous 
lines than responders - a finding that warrants further investigation.
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A strength of our study was the use of ddPCR for tumor-guided detection of ctDNA 
in plasma. EGFR driver mutations were selected to maximise the likelihood of ctDNA 
detection, as they are theoretically present in each of the tumor cells. Although 
other targets were identified in solid-tissues, the limited cfDNA material available 
meant that only the EGFR driver and T790 M mutations could be tested. The highly 
sensitive ddPCR technique was chosen because plasma ctDNA concentration can 
be very low under EGFR-TKI treatment, often less than 1 % VAF in the case of 
T790 M [32]. The minimum detectable VAF was included to highlight the effect 
of low cfDNA input to reduce the sensitivity of the test, as previously established 
[[22]]. Targeted testing with ddPCR offers a good chance of detecting ctDNA, but is 
limited by the small number of mutations that can be tested in each sample given 
the limited quantity of available cfDNA. An NGS-based approach would increase 
the number of genomic targets that can be tested in cfDNA [7], an important 
consideration given the heterogeneity of osimertinib resistance mechanisms in 
NSCLC patients after progression under previous lines of EGFR-TKI [[27],[29]], but 
tumor-guided ddPCR offered the most sensitive and convenient approach for this 
study. Future validation studies could include cfDNA testing by NGS provided the 
sensitivity is equal to ddPCR.

The sampling and molecular testing of solid-tissue and plasma at routine 
consultations was subject to the clinical and practical considerations of a hospital 
diagnostic workflow, which was irregular, but placed our findings in the context 
of clinical practice. However, the inconsistent interrogation of genetic alterations 
between tumor-tissue samples and patients limited direct comparison and 
restricted the potential to draw conclusions about possible osimertinib resistance 
mechanisms in our cohort. Liquid biopsy has fewer practical restrictions than solid-
tissue biopsy, but the analytical sensitivity is limited by the low cfDNA quantities 
typically obtained from a routine blood draw. This is compounded by an incomplete 
understanding of the biological processes behind ctDNA representation in the 
circulation, which still limits meaningful interpretation of results in routine clinical 
practice. Despite the utility of positive results, false negatives have been reported 
in advanced cancer patients across many cancer types [33]. These factors require 
a conservative approach to testing, which currently restrains the clinical utility of 
ctDNA as a biomarker.

At the time of our study, osimertinib was approved only to treat NSCLC patients 
with a confirmed T790 M mutation and progression following earlier lines of EGFR-
TKI. Recent clinical trials have since led to the adoption of osimertinib as a first-
line treatment [[34]]. Despite this, osimertinib may remain a second or third line 
treatment in a sub-set of patients. The utility of ctDNA analysis following previous 
lines of EGFR-TKI and a more complex mutational landscape therefore remains 
pertinent and warrants validation towards clinical implementation.
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In this study, we demonstrate the feasibility of ctDNA analysis for response 
monitoring in patients receiving osimertinib after progression on previous lines 
of EGFR-TKI. Despite the small number of inclusions and a highly heterogeneous 
patient group, we identified a weak trend between ctDNA detection and response. 
This finding could support the current gold standard of treatment monitoring by 
tumor-tissue biopsy in patients who received multiple lines of EGFR-TKI. Further 
evaluation of ctDNA detection in a larger cohort of EGFR-mutant NSCLC patients 
with a complex treatment history is now warranted to address its utility as a 
reliable treatment monitoring modality in this setting.
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Supplementary materials
ddPCR kits used in the investigation
 
EGFR c.2369C>T; p.(Thr790Met)
Reference: dHsaCP2000019
EGFR c.2573T>G; p.(Leu858Arg)
Reference: dHsaCP2000021
EGFR c.2235_2249del; p.(Glu746_Ala750del)
Reference: dHsaCP2000039
EGFR Exon 19 Deletions Screening Kit
Reference: 12002392

Contains probes for the following mutations in exon 19:
2235_2252>AAT (dHsaMDS391737271)
2235_2249del15 (dHsaMDV2010039) 
2236_2250del15 (dHsaMDS542127747) 
2238_2252>GCA (dHsaMDS435546404) 
2238_2255del18 (dHsaMDS529140399) 
2239_2253>CAA (dHsaMDS703176693) 
2239_2251>C (dHsaMDV2516890) 
2239_2258>CA (dHsaMDS196056967) 
2239_2252>CA (dHsaMDS651224081) 
2239_2256del18 (dHsaMDV2516758) 
2239_2248TTAAGAGAAG>C (dHsaMDV2516748) 
2239_2253del15 (dHsaMDV2516752) 
2239_2247delTTAAGAGAA (dHsaMDS88236242) 
2240_2254del15 (dHsaMDS778667043) 
2240_2257del18 (dHsaMDV2510546)
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Abstract 
Somatic copy number alterations can be detected in cell-free DNA (cfDNA) by 
shallow whole genome sequencing (sWGS). PCR is typically included in library 
preparations, but a PCR-free method could serve as a high-throughput alternative. 
To evaluate a PCR-free method for research and diagnostics, archival peripheral 
blood or bone marrow plasma samples, collected in EDTA- or lithium-heparin-
containing tubes, were collected from patients with non-small-cell lung cancer 
(n = 10 longitudinal samples; 4 patients), B-cell lymphoma (n = 31), and acute 
myeloid leukemia (n = 15), or from healthy donors (n = 14). sWGS was performed 
on PCR-free and PCR library preparations, and the mapping quality, percentage 
of unique reads, genome coverage, fragment lengths, and copy number profiles 
were compared. The percentage of unique reads was significantly higher for PCR-
free method compared with PCR method, independent of the type of collection 
tube: EDTA PCR-free method, 96.4% (n = 35); EDTA PCR method, 85.1% (n = 32); 
heparin PCR-free method, 94.5% (n = 25); and heparin PCR method, 89.4% (n = 10). 
All other evaluated metrics were highly comparable for PCR-free and PCR library 
preparations. These results demonstrate the feasibility of somatic copy number 
alteration detection by PCR-free sWGS using cfDNA from plasma collected in 
EDTA- or lithium-heparin-containing tubes and pave the way for an automated 
cfDNA analysis workflow for samples from cancer patients.

Introduction
Somatic copy number alterations (SCNAs) drive a wide range of cancer types and are 
utilized as molecular markers.1,2 Next to mutation analysis, specific chromosomal 
SCNAs are used in patient selection for targeted therapies, such as an amplification 
of chromosome 17q/ERBB2 for trastuzumab/pertuzumab combination therapy in 
breast cancer.3 More recently, amplification of chromosome 9p/PDL1 has become 
a potential marker for responses to immune checkpoint inhibition,4-6 and loss of 
chromosome 18q was suggested as a marker for anti-angiogenic treatment in 
metastatic colorectal cancer patients.7 Other SCNAs offer diagnostic or prognostic 
value, including loss of chromosome 20q to diagnose breast implant–associated 
anaplastic large cell lymphoma,8 or amplification of chromosome 2p/MYCN, which 
is associated with poor prognosis in neuroblastoma.9

Genome-wide SCNA analysis is typically performed on DNA from tumor tissue 
biopsies using microarrays or shallow whole genome sequencing (sWGS).10,11 
Unfortunately, tumor tissue biopsies are invasive and carry risks associated with 
surgical procedures. For patients with a hematological malignancy, an alternative 
source of tumor DNA is bone marrow plasma, obtained by aspiration. Peripheral 
blood can offer a more accessible source of tumor DNA, and collection greatly 
reduces the burden on the patient.
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A major challenge to reliably detect SCNAs from cell-free DNA (cfDNA) is the 
fraction of tumor DNA in the blood plasma of cancer patients.12 Unlike solid tissue 
analysis, where the tumor cell fraction can be enriched before DNA isolation,13 
tumor and nontumor cfDNA fractions in blood are intermixed and highly variable, 
often with a low yield.12,14 As circulating tumor DNA (ctDNA) in blood tends to be 
shorter (median length, 134 to 144 bp) than cfDNA from healthy cells (median 
length, 166 bp),15 selection of 90- to 150-bp fragments has the potential to increase 
the sensitivity and specificity of SCNA detection.16 Size selection can be performed 
either physically before sWGS, using in vitro gel electrophoresis to separate 
fragments by length, or after sWGS, using in silico selection of sequencing reads.16

The consensus approach to blood collection for cfDNA analysis is to use standard 
EDTA-containing tubes, or tubes containing a specialized preservative. Plasma 
is separated from the blood and stored at −80°C before cfDNA isolation.17 The 
subsequent sequencing library preparation typically includes a PCR step to 
increase the quantity of DNA for sWGS.18 Blood tubes containing lithium or 
sodium-heparin are also widely used to collect samples for molecular diagnostic 
assays but are generally considered unsuitable for sWGS because of an inhibitory 
effect of heparin on PCR.19 Additional pre-analytical processing or selection of 
specific polymerases can be required to overcome this inhibition.19,20 It has been 
suggested that PCR could be omitted from library preparation while maintaining 
the capability to perform sWGS in cancer samples.21,22

A PCR-free sWGS workflow has recently been implemented nationwide in the 
Netherlands to screen for fetal copy number alternations in the peripheral blood 
of pregnant women.23 This approach, referred to as noninvasive prenatal testing 
(NIPT), can determine if a fetus has specific germline copy number alterations. 
This has led to the incidental detection of SCNAs and a subsequent diagnosis 
of cancer in the mother.24 Application of the NIPT workflow using blood from 
cancer patients could theoretically serve as a sensitive method for earlier cancer 
detection, treatment response monitoring, and residual disease detection.25-28 

Moreover, sWGS can detect and estimate the fraction of SCNAs in cfDNA.29 The 
feasibility of PCR-free sWGS has yet to be evaluated in the oncology setting, where 
patients could benefit from timely SCNA detection to inform treatment decisions.

In this study, the performance of PCR and PCR-free sWGS library preparations of 
cfDNA from peripheral blood was compared to evaluate the applicability of PCR-
free preparations in the diagnostic setting. In addition, the feasibility of PCR-free 
preparations to detect SCNAs for research purposes was evaluated on archived 
plasma collected in EDTA- or heparin-containing tubes.
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Materials and Methods
Patient Samples
Plasma samples were selected on the basis of availability in the biobank. A total of 
10 longitudinal plasma samples from peripheral blood of four non–small-cell lung 
cancer (NSCLC) patients, collected in EDTA-containing tubes at various time points 
over the course of their treatment, were obtained from the biobank of Amsterdam 
University Medical Center, location Vrije Universiteit medical center. One sample per 
subject was collected in all other cases. Blood samples from seven healthy donors 
were collected, pooled, and then split to yield sufficient material for four technical 
replicates. Samples from 10 other healthy donors were obtained from an external 
blood bank and analyzed individually. In addition, plasma samples from 25 B-cell 
lymphoma patients were collected: 15 in EDTA-containing tubes and 10 in heparin-
containing tubes. Matched formalin-fixed, paraffin-embedded (FFPE) tissue was 
collected from all 4 NSCLC patients and 6 of 25 B-cell lymphoma patients. Finally, 15 
plasma samples derived from bone marrow (n = 13) or peripheral blood (n = 2) were 
collected from patients with acute myeloid leukemia (AML) (Figure 1A).

All patients provided informed consent for their samples and clinical data to be 
used for research purposes. B-cell lymphoma samples collected in EDTA were part 
of the BioLymph study (VUmc METc registration number 2017.008; Dutch CCMO 
registration NL60245.029.17), performed in accordance with the Declaration of 
Helsinki (seventh revision, October 2013) and the Medical Research Involving 
Human Subjects Act. B-cell lymphoma samples in heparin were collected in 
accordance with the Declaration of Helsinki (fifth revision, 2000) as part of 
the biobank, Amsterdam UMC, location VUmc. Informed consent from the 4 
NSCLC patients and the 7 healthy donors who donated samples to the biobank 
was provided through the Liquid Biopsy Center, Amsterdam UMC, location 
VUmc, and from the 10 healthy blood donors through the national blood bank. 
Surplus diagnostic material from AML patients was provided by the Hematology 
Department, Amsterdam UMC, location VUmc, in accordance with the Human 
Tissue and Medical Research Code of Conduct for Responsible Use (2011).

Blood Collection

Blood in EDTA Tubes
Peripheral blood was collected in clinical-grade EDTA-containing blood tubes 
at unspecified quantities (Becton Dickinson, Franklin Lakes, NJ). Plasma was 
separated from the cellular components of whole blood on the day of collection 
by centrifugation at 900 × g for 7 minutes at room temperature; the upper layer 
was transferred to a clean tube, centrifuged at 2500× g for 10 minutes, transferred 
again, and then centrifuged at 500 × g for 10 minutes. The final centrifugation step 
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was omitted for the B-cell lymphoma samples, as this step did not affect yield and 
sequencing results. Plasma was stored in aliquots of up to 1.5 mL at -80°C for up to 
a year from healthy donors, up to 3 years from B-cell lymphoma patients, or up to 4 
years from NSCLC patients. All plasma samples from blood collected in EDTA tubes 
were thawed and centrifuged at 16,000 × g for 10 minutes before cfDNA isolation.

Figure 1. Summary of samples and analysis methods. A: Overview of samples and subjects in the study 
categorized by cancer type and including sample number, anticoagulant in blood collection tube, PCR or 
PCR-free library preparation method, next-generation sequencing method, and whether formalin-fixed, 
paraffin-embedded (FFPE) sample was also analyzed. B: Venn diagram, indicating the overlap between 
PCR and PCR-free samples. Thirty-eight samples underwent both PCR and PCR-free workflows. AML, 
acute myeloid leukemia; CCMO, Central Committee on Research Involving Human Subjects; METc, Medical 
Ethical Testing Committee; NSCLC, non–small-cell lung cancer; PE, paired end; SR, single read.
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Blood and Bone Marrow in Lithium-Heparin Tubes
Peripheral blood or bone marrow was collected from B-cell lymphoma and 
AML patients in clinical-grade lithium-heparin–containing blood tubes (Becton 
Dickinson) at unspecified quantities. Bone marrow was collected by aspiration. 
Plasma was separated from whole blood or bone marrow by centrifugation at 
900 × g for 7 minutes at room temperature, transferred to a clean tube, and 
centrifuged again at 2500 × g for 15 minutes, then split in to 1-mL aliquots and 
stored between 4 and 9 years at −80°C. Peripheral blood was collected from B-cell 
lymphoma patients in clinical-grade collection tubes and initially diluted in a 1:1 
ratio with phosphate-buffered saline, then centrifuged with Lymphoprep density 
gradient media (Stemcell Technologies, Vancouver, BC, Canada) for 15 minutes at 
1000 × g at room temperature. The diluted plasma was transferred to 10- or 50-mL 
tubes and stored between 12 and 15 years at −20°C.

cfDNA Isolation and Quantification

Samples Collected in EDTA-Containing Tubes
Plasma from blood collected in EDTA-containing tubes underwent cfDNA isolation 
using the QIAsymphony Circulating DNA Kit, according to the manufacturer’s 
instructions (Qiagen, Hilden, Germany). For the healthy controls and NSCLC 
samples, 3 mL of plasma was used. For B-cell lymphoma samples, between 1 and 
2 mL of plasma was diluted up to a volume of 3 mL with phosphate-buffered saline 
before cfDNA isolation.

Samples Collected in Lithium-Heparin–Containing Tubes
AML plasma samples were thawed and diluted with phosphate-buffered saline to 
3 mL from a starting volume of 1 to 3 mL. For B-cell lymphoma samples, between 
3 and 5.5 mL of the 1:1 plasma/phosphate-buffered saline was used. Because of 
larger storage volumes, cfDNA was isolated using the QIAamp Circulating nucleic 
acid kit (Qiagen), according to the manufacturer’s protocol. To compare the 
performance of this column-based protocol to the bead-based protocol described 
above, two B-cell lymphoma samples were isolated and subsequently sequenced 
after both isolation methods (Supplemental Figure S1A).

FFPE Tissue
Genomic DNA from FFPE tissue samples was isolated using the QIAamp DNA 
FFPE Tissue Kit (Qiagen), following the manufacturer’s protocol. Isolated DNA was 
measured by fluorometric quantification using the Qubit Double Stranded DNA 
High Sensitivity Assay Kit (ThermoFisher Scientific, Waltham, MA).
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Sequencing Library Preparation
The concentration of all cfDNA samples was measured using the Qubit system 
before sequencing library preparation. Two frequently used library preparation 
methods were employed: TruSeq DNA PCR-Free Low Throughput Library Prep 
Kit (Illumina, San Diego, CA) and KAPA HTP Library Preparation Kit (Roche, Basel, 
Switzerland), following manufacturer’s protocols. A direct comparison of both 
protocols was performed on a healthy pool and two B-cell lymphoma samples to 
confirm similar performance (Supplemental Figure S1B). For all 38 samples that 
were analyzed with both PCR and PCR-free methods (Figure 1B), a single library 
preparation was performed and then split. One part of the library was sequenced 
directly, and the other part was sequenced following a PCR step, whereby 1 to 2 ng 
of the preparation was subjected to seven cycles of PCR. An additional 22 samples 
underwent only a PCR-free preparation, followed directly by sequencing. For 
another four samples, only sequencing of the PCR library was performed (Figure 
1B). A median of 20 ng (SD, 9.4 ng; range, 3.7 to 40.5 ng) cfDNA was used as input 
for all library preparations. The cfDNA input and library preparation protocol for 
each sample are specified in Supplemental Table S1.

PCR library preparations were measured using the Qubit system and the Agilent 
High Sensitivity D1000 ScreenTape System (Agilent, Santa Clara, CA) to determine 
the concentration and approximate cfDNA fragment length. The concentration 
and proportion of cfDNA fragments with ligated adapters in PCR-free library 
preparations were measured using the qubit system and the droplet digital PCR 
library quantification kit for Illumina TruSeq (catalog number 1863040; BioRad, 
Hercules, CA), following the manufacturer’s protocol.

Equimolar sequencing pools of 8 to 15 PCR-free library preparations were 
generated and diluted to 10 μL in a final target concentration of 3 nmol/L (range, 
1 to 13 nmol/L). The PCR products were combined into 25-μL, 6 to 10 nmol/L, 
pools of 13 to 27 samples. All pools were measured with the Qubit system and 
underwent a paired-end 150 sequencing protocol on a separate flow cell lane of 
an Illumina HiSeq4000 sequencer (Figure 1A).

Isolated DNA from FFPE material was sheared on a Covaris ME220 Focused-
Ultrasonicator (Covaris Inc., Woburn, MA) and then measured on a Tapestation 
(Agilent Technologies, Santa Clara, CA). Library preparation was performed using 
TruSeq or KAPA library preparation kits, as described above, and subjected to a 
single-read 50 sequencing protocol on an Illumina HiSeq4000 sequencer (Figure 1A).
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Data Analysis
Sequencing read adapter trimming was performed using Cutadapt version 1.9.1. 
Reads were then aligned to genome build hg19 using BWA mem version 0.7.10, 
and duplicates were marked using Picardtools version 1.111. The percentage 
of unique and aligned reads was generated with Samtools version 0.1.19. The 
following sequencing quality metrics were assessed with FastQC version 0.11.2 
and MultiQC version 1.7: i) Q37, a measure of mapping quality representing the 
percentage of reads correctly mapped to the genome with a probability of 99.98% 
estimated by BWA; ii) G-C base pair content, the percentage of the total base calls 
across all reads that are either a G or C; iii) adapter content, the proportion of 
reads that match known adapter sequences; and iv) overrepresented sequences, 
those that make up >0.1% of the total.

Copy number profiles were generated using the default version of QDNAseq 
version 1.1.12,11 including all unique reads with mapping quality of at least 37. Size 
selected profiles were generated in silico using an adapted version of QDNAseq 
(https://github.com/edk360/QDNAseq, last accessed June 10, 2021) that contained 
additional code to select only reads mapped to the genome in the correct 
orientation relative to each other (properly mapped), with an insert size from 90 
to 150 bp. The fragment length plots used the same sequencing read inclusion 
criteria as the size-selected copy number profiles. Sequencing noise was calculated 
in QDNAseq as the SD of the difference between log2 values between neighboring 
bins. Downstream analysis and visualization of the following were performed with 
R (https://www.r-project.org/v3.6.1, last accessed July 5, 2019): unique versus total 
sequencing reads, G-C base pair content, fragment length distribution, and plots 
of the sequencing noise. Comparison of the percentage of the total reads that 
were unique (ie, not sequencing duplicates), between PCR and PCR-free samples, 
was performed in R using a two-sided Wilcoxon test.

Quantification of Detection Limit of SCNAs
The minimal detectable ctDNA fraction with PCR and PCR-free library preparations 
was quantified by in silico dilution of two liquid biopsy samples with a high ctDNA 
fraction (Lung_Cancer_1 and B-Cell Lymphoma_20). The ploidy of these two 
malignancies was estimated by fitting copy number profiles from matching FFPE 
samples with ACE version 1.10.0. For the B-cell lymphoma sample, fluorescence 
in situ hybridization analysis was performed to verify the results.30 The ctDNA 
fraction of the liquid biopsy samples was estimated by the function squaremodel 
with the following parameter settings: penalty, 0.5; penploidy, 0.5; and default 
settings for all other parameters. The ploidies obtained from the FFPE samples 
were used to select the correct fit for the ctDNA fraction.
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Reads from these samples were mixed with reads from age-matched healthy 
donors to generate simulated samples with varying proportions of ctDNA (1% to 
20%). The total number of reads of the simulated samples were matched to the 
tumor samples. Variability of the normalized segment value was quantified by 
analyzing all healthy donors. A linear fit was performed of the normalized read 
counts of chromosomes 7 and 12 of the B-cell lymphoma sample and chromosomes 
10 and 14 of the lung cancer sample, as whole-arm SCNAs in these regions were 
also identified in matched FFPE samples. Z-scores were calculated for each ctDNA 
fraction. An alteration was called if the Z-score was >5. This conservative cutoff 
was used to account for our relatively small number of healthy samples.31

Results
PCR-Free Method Offers Similar Quality and More Unique Reads 
than PCR Method
The mapping quality of sequencing data was highly comparable between the 32 
EDTA samples that underwent PCR and the 35 samples that underwent PCR-free 
library preparations, as demonstrated by the Q37 scores (PCR method, 92.5%; SD, 
0.36%; PCR-free method, 93.1%; SD, 0.30%), and the percentage of reads aligned to 
the genome (PCR method, 99.1%; SD, 0.36%; PCR-free method, 99.1%; SD, 0.27%). 
After alignment of sequencing reads to the genome, the percentage of unique 
reads was significantly higher using the PCR-free method (96.4%) compared with 
the PCR approach (85.1%; P < 0.001) (Figure 2A). To generate the required number 
of reads, a higher input of cfDNA molecules may be required for the PCR-free 
approach. However, it was possible to obtain sufficient sequencing results with a 
cfDNA library preparation input of only 3.7 ng (median, 9.9 ng; range, 3.7 to 40.5 
ng) for the PCR-free protocol (Supplemental Table S1).
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Figure 2. Quality control metrics for each sample group. A: Percentage of unique reads. B: GC content: 
the percentage of reads (y axis) that contain a given GC content (x axis) per sample (individual lines). The 
dotted line represents the expected GC content based on reference data. C: Sequencing noise: the SD of 
the difference between log2 values between neighboring bins (y axis;  σˆ2Δ ) relative to the number of 
reads per bin (x axis). D: Fragmentation: overlays of the density (y axis) of sequencing reads of a given 
length (x axis).
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Genome-Wide Representation of PCR-Free Preparation Is Highly 
Comparable to PCR Library Preparations
The G-C base pair content of aligned sequencing reads was highly comparable 
between the 32 EDTA samples that underwent PCR library preparations 
(mean, 41.4%; SD, 0.32%) and the 35 samples that underwent PCR-free library 
preparations (mean, 41.1%; SD, 0.40%), which indicates that the omission of 
PCR does not affect the genome-wide base pair representation (Figure 2B). This 
is an important consideration because sequences with a high G-C content can 
be underrepresented in PCR-based library preparations. The higher energy 
input required to break the bonds between G-C pairs during PCR can result in 
less efficient amplification compared with A-T.32 Furthermore, no significant 
difference in sequencing noise was observed between the PCR and PCR-free EDTA 
samples [median observed noise ( σˆ2Δ ) was 0.0104 and 0.0103, respectively; P 
= 0.54, Wilcoxon test] (Figure 2C), a further indication of an even post-alignment 
genome coverage.

There was no discernible difference in the sequencing fragment size between EDTA 
samples that underwent a PCR- or PCR-free library preparation (Figure 2D). This 
is relevant to cfDNA analysis because size selection could allow enrichment of the 
tumor fraction based on its shorter length compared with background cfDNA.16 
PCR has been shown to preferentially amplify shorter fragments,32 potentially 
overrepresenting this fraction in a sequencing library. Our results show that 
fragment size analysis, the majority of which has been conducted using a PCR-
based approach, can be performed equally well on data from PCR-free sequencing 
without any corrections to the analysis methods.

PCR-Free Copy Number Profiles Show Similar Deflection Compared 
with PCR
SCNAs are inferred by significant deflection of segmented values from the zero 
line in a copy number profile. A high deflection indicates a high ctDNA fraction 
in the sample. As deflection is influenced by noise and biases in the sequencing, 
differences between the relative amount of deflection between identical samples 
analyzed by PCR or PCR-free method can be used to assess the quality of copy 
number profiles. The deflection observed in a cfDNA copy number profile from 
sample Lung_Cancer_1 was comparable between PCR and PCR-free methods 
(Figure 3, A and B ). In silico selection of shorter reads (90 to 150 bp) increased the 
deflection of the segmented values from the zero line for the PCR-free method in 
cfDNA from Lung_Cancer_1 (Figure 3C), an effect previously reported for a PCR 
method.16 A comparison of other samples evaluated with both PCR and PCR-free 
methods showed a similar effect in some but not all samples. Size selection could 
also be applied to heparin samples. However, in silico size selection did not always 



128

Chapter 5

increase deflection but always reduced the number of sequencing reads available 
to produce a copy number profile. Thus, although a higher deflection increases 
the statistical power to call alterations, the reduced number of reads limits this 
advantage.
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Figure 3. Copy number profiles from PCR and PCR-free methods. A and B: Size-selected copy number 
profiles from a cell-free DNA sample from a lung cancer patient (Lung_Cancer_1) sequenced following 
either the PCR method (A) or PCR-free method (B). Black dots represent the median-normalized log2-
transformed read counts per bin. The log2 tumor/normal ratio (y axis) is plotted in relation to the 
chromosomal position (x axis). Sequencing reads are in 24,579 100-kbp bins indicated in the top left 
corner of the profile, followed by the number of segments per profile. Segment values are represented 
by horizontal orange lines. C: Overlay of copy number profile segment values generated without size 
selection (blue) and with size selection (black).  σˆ2Δ , the sequencing noise defined as the SD of the 
difference between log2 values between neighboring bins; Eσ, the expected value of the sequencing noise 
assuming no biases.

Similar Copy Number Profiles Were Observed in FFPE Tissue
To compare the performance of SCNA detection in cfDNA and FFPE tissue, 
sequencing of DNA from matched FFPE tissue material from 10 patients was 
performed. Comparable copy number profiles were observed in most FFPE 
samples, although the median observed noise was much higher compared with 
cfDNA samples (0.10 versus 0.06, respectively). Representative examples are 
provided in Figure 4, A–C.
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Figure 4. Detection limit of somatic copy number alterations with PCR and PCR-free methods. A and B: 
Copy number profile of B-Cell Lymphoma_20 cell-free DNA (cfDNA), sequenced with the PCR method (A) 
and PCR-free method (B). C: Copy number profile for B-cell lymphoma_20, from formalin-fixed, paraffin-
embedded (FFPE) tissue. D: Dilution series of cfDNA sample with the PCR method (left panel) and PCR-free 
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method (right panel). Dilution was performed by mixing reads from B-cell lymphoma_20 with four healthy 
donors in silico. The x axis shows the circulating tumor DNA (ctDNA) fraction of the dilution, and the y axis 
shows the normalized read counts for chromosome 7 in blue (a gain) and chromosome 12 in black (a loss). 
The red area between the horizontal black lines indicates the limits of detection.  σˆ2Δ , the sequencing 
noise defined as the SD of the difference between log2 values between neighboring bins; Eσ, the expected 
value of the sequencing noise assuming no biases.

Detection Limit of SCNAs in PCR and PCR-Free Sequencing Methods
An in silico dilution series was performed for a B-cell lymphoma and a lung cancer 
cfDNA sample to establish the SCNA detection limit. For the B-cell lymphoma 
sample (B-Cell Lymphoma_20: ctDNA fraction, 55%), the detection limit ranged 
between a ctDNA fraction of 3% and 4% for both the PCR and PCR-free methods 
(Figure 4D). This limit was determined by assessment of the gain on chromosome 
7 and loss on chromosome 12 identified in FFPE tumor tissue material. The lung 
cancer sample (Lung_Cancer_1: ctDNA fraction, 24%) showed a similar detection 
limit (4% to 6%) (Supplemental Figure S2). Overall, the detection limit did not differ 
significantly between PCR and PCR-free methods.

PCR and PCR-Free Methods Are Compatible with cfDNA Collected in 
Heparin-Containing Tubes
Archived plasma samples collected in lithium-heparin–containing tubes present 
numerous research opportunities, but typically require additional processing to 
enable molecular analysis.20 To address this, 25 plasma samples (distinct from 
the EDTA cases) collected in lithium-heparin–containing tubes were tested using 
the PCR-free sWGS method. Ten of these samples were also tested with the PCR 
method (Figure 1A). The sequencing metrics from the heparin-containing samples 
that underwent PCR (Q37, 92.0%; SD, 0.65%; aligned reads, 99.6%; SD, 0.07%) and 
PCR-free (Q37, 91.9%; SD, 0.65%; aligned reads, 99.3%; SD, 0.29%) methods were 
highly comparable to the EDTA samples that also underwent PCR and PCR-free 
library preparations. As was observed for the EDTA samples, the percentage of 
unique reads was significantly higher using the PCR-free (94.5%) compared with 
the PCR approach (89.4%; P ≤ 0.001) in the heparin samples (Figure 2A). The G-C 
base pair content and sequencing noise of the 25 PCR-free and 10 PCR heparin 
samples was also highly concordant (Figure 2, B and C), as was the quality of 
the copy number profiles. Of interest was a comparable fragmentation pattern 
observed in blood samples collected in heparin and EDTA (Figure 2D). Also notable 
was the sequencing metrics and genome representation of the 13 AML bone 
marrow plasma samples (Q37, 91.9%; SD, 0.57%; percentage aligned, 99.1%; SD, 
0.25%; percentage unique reads, 94.2%; SD, 0.97%; G-C base pair content, 40.4%; 
SD, 0.73%), which were comparable to the peripheral blood plasma samples in 
this study. These results demonstrate that high-quality sequencing data can be 
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obtained from cfDNA extracted from archival blood samples collected in either 
EDTA or heparin-containing tubes using both PCR and PCR-free methods.

Discussion
Fast and efficient automated cfDNA analysis holds huge potential to broaden the 
clinical utility of SCNAs as cancer biomarkers. This study shows that a PCR-free 
method is a viable alternative to a widely used PCR-based approach to analyze 
freshly collected and archived plasma samples. A PCR-free method is already in 
clinical use under International Organization for Standardization accreditation 
as part of the NIPT workflow,23 having recently transitioned from a PCR-based 
approach. NIPT throughput can be high with several sequencing runs weekly, 
particularly in large institutions. A PCR-free method for ctDNA can now be 
tested using this automated workflow, which should enable a sufficiently quick 
turnaround time for clinical implementation.

A clear benefit of the PCR-free workflow is the slightly higher percentage of unique 
sequencing reads. The obvious explanation is that PCR amplification inherently 
produces duplicate amplicons that will be sequenced. PCR-free method directly 
sequences the original DNA templates, and the few duplicates detected are 
designated as optical duplicates, a technical phenomenon consequential of 
Illumina sequencing technology. The PCR-free workflow can theoretically allow 
multiplexing of more samples on a sequencing lane, further improving cost-
effectiveness. However, equimolar pooling requires accurate quantification of 
cfDNA, which is challenging with conventional electrophoresis and fluorometric 
techniques because of interference from the fork-shaped adapters in PCR-
free libraries. To overcome this, a droplet digital PCR workflow was adapted to 
accurately determine the concentration of cfDNA fragments with ligated adapters. 
Although droplet digital PCR provides highly accurate results, the workflow is time-
consuming and uses precious library material, which is problematic when the 
cfDNA yield from a sample is low. In a high-throughput setting, when repeated 
sequencing of a sample is reasonable, such as with NIPT, fluorometric analysis alone 
would be sufficient for library quantification. In a low-throughput setting, which is 
typically the case in research laboratories, droplet digital PCR is recommended 
as a more accurate method of quantification to reduce the necessity for time-
consuming and expensive repeated sequencing. PCR-free analysis of cancer 
samples is therefore likely to be more cost-effective for laboratories that already 
have a high-throughput NIPT workflow in place.

The omission of amplification in PCR-free library preparations generally requires 
higher quantities of cfDNA to generate a chromosomal copy number profile. If 
the cfDNA quantity in a sample is low, or other applications, such as mutation 



133

PCR-Free Shallow Whole Genome Sequencing for Chromosomal Copy Number Detection

5

detection, are required, a PCR library preparation may be a more efficient use of 
limited material. However, this study shows that SCNAs are detectable from an 
input of only 3.7 ng cfDNA, a quantity easily available in plasma as the average 
cfDNA concentration is 5.25 ng/mL from healthy individuals and significantly 
higher in cancer patients.14 Furthermore, it was found that whole-arm SCNAs 
can be detected with both PCR and PCR-free methods in samples using a simple 
Z-score–based method for a ctDNA fraction as low as 3% to 6%. This detection 
limit is in line with previous studies of cfDNA SCNA analysis in cancer patients 
who demonstrated detection limits of 2.5% and 3% ctDNA.16,29 We stress that our 
Z-score–based method was included to compare the detection limit of the PCR with 
the PCR-free method and provides a conservative estimate that can be improved 
by increasing the number of healthy controls, refining the computational analysis 
and/or incorporating cfDNA fragmentation analysis.

An important and well-documented consideration for cfDNA analysis is pre-
analytical sample processing. To enable a fair comparison between PCR and PCR-
free library preparations, 38 samples were subjected to the same pre-analytical 
conditions before both PCR and PCR-free library preparations. In this way, any 
observed variation would most likely come from the library preparation method 
(PCR or PCR-free method) and not the pre-analytical processing. The samples 
included in this study were initially collected for various clinical investigations 
that employed a variety of plasma separation, storage, and cfDNA isolation 
protocols. These samples were also selected to assess the applicability of the PCR 
and PCR-free methods to material previously overlooked for SCNA analysis. The 
prevailing opinion is that pre-analytical conditions must be highly controlled to 
allow reliable molecular analysis, specifically that samples should be collected 
in EDTA-containing, or specialized cfDNA-preserving, blood tubes and stored at 
−80°C.17 Heparin is believed to interfere with PCR amplification20 and to disrupt the 
nucleosome structure in plasma, causing greater cfDNA fragmentation compared 
with samples collected in EDTA.33 This study shows that both the PCR and PCR-
free workflows presented herein are robust enough to generate high-quality data 
from cancer samples despite collection in heparin-containing tubes and variation 
in pre-analytical processing.

Conclusion
We show that PCR-free library preparation for sWGS is at least as effective as the 
standard PCR-based approach for cfDNA SCNA detection in cancer samples. The 
PCR-free workflow generates copy number profiles with similarly low sequencing 
noise to PCR. We also show that archival plasma cfDNA from peripheral blood and 
bone marrow taken in lithium-heparin tubes and stored for up to 15 years at -20°C 
can be used to generate raw and processed data of comparable quality to samples 
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taken in EDTA blood tubes, the standard for sWGS. PCR-free method is a viable 
alternative for routine tumor cfDNA detection, such as monitoring of treatment 
response or testing for recurrence. Our results pave the way for a cost-efficient 
and time-efficient automated cfDNA screening workflow for SCNA detection in 
cancer patients.23
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Summary of Thesis
The aim of this thesis is to improve the pre-analytical and analytical conditions for 
ctDNA detection and develop assays to assess the feasibility of implementation in 
a clinical setting.

In Chapter 1 the field of liquid biopsy in general is introduced. We outline 
challenges facing ctDNA detection in clinical practice. The chapter concludes by 
setting out the specific aims of the thesis and how we intended to achieve them.

In Chapter 2 the clinical implications of ctDNA analysis for colorectal cancer 
(CRC) patients are reviewed 1. A brief introduction to ctDNA analysis is followed 
by an in-depth investigation into the most promising biomarkers for diagnosis, 
prognostication and monitoring of CRC. The broad scope of the review covers 
DNA methylation and copy number aberrations in addition to point mutations. 
The review identified SEPT9 methylation status of ctDNA as the most promising 
marker for CRC detection and found mutations in KRAS to be the most useful for 
prognostication and monitoring.

Chapter 3 is a study of the feasibility of ctDNA detection to select CRC patients 
for Cytoreductive Surgery and Hyperthermic Intraperitoneal Chemotherapy (CRS-
HIPEC). CRS-HIPEC is a highly invasive procedure with curative intent but a long 
recovery time and a high morbidity rate 2. This is the first chapter in the thesis 
to apply a tumour tissue-guided approach to detect mutations in ctDNA using 
droplet digital PCR, one of the most sensitive and specific techniques available. 
The study shows that ctDNA detection prior to CRS-HIPEC could be a marker of 
disease recurrence following the procedure. We furthermore show that this liquid 
biopsy approach has the potential, pending validation in an independent cohort, 
to be used to exclude patients from unnecessary CRS-HIPEC.

Chapter 4 assesses the utility of ctDNA detection to monitor treatment response 
in non-small cell lung cancer (NSCLS) patients receiving osimertinib, an EGFR 
targeted therapy 3. A tissue-guided approach like that used in Chapter 3, revealed 
a trend between ctDNA detection and a lack of response to osimertinib treatment. 
This liquid biopsy application has since been validated and implemented at 
Amsterdam UMC to detect ctDNA in plasma from advanced NSCLC patients if a 
solid tissue biopsy is unavailable.

Chapter 5 is a technical investigation to assess ctDNA detection using PCR-free 
shallow whole genome sequencing (sWGS) 4. Instead of interrogating mutations 
previously identified in solid tissue like in Chapters 3 and 4, a genome-wide 
approach is used to screen for copy number aberrations in cfDNA. The PCR-free 
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workflow produced highly comparable data to the standard PCR-based approach 
and lends itself to high-throughput applications. We also show that material 
processed under various pre-analytical conditions, including blood collection in 
heparin-containing tubes, can be used to generate high quality data.

Overall conclusion
This thesis bridges the gap between solid tissue and liquid biopsies and demonstrates 
the utility of ctDNA detection in an academic hospital. We show that routine mutation 
analysis of ctDNA is technically feasible and can inform clinical decisions in diverse 
subsets of cancer patients. However, the utility of ctDNA detection is hindered by 
poorly understood biological variables, which will be discussed in this chapter. Until 
these gaps in our knowledge are filled, ctDNA detection will be mostly restricted to 
a test of last resort or to support solid tissue biopsies.

Discussion
Relevance of findings to the field of ctDNA analysis
This thesis offers both a proof of principle and a blueprint for the translation of 
ctDNA detection from research to the clinic. Chapter 2 condenses a large body of 
ctDNA research into a useful format, serving as an accessible guide for colorectal 
cancer clinicians and molecular pathologists looking to implement liquid biopsy 
in routine patient care. Chapters 3 and 4 support previously identified trends 
between ctDNA detection and clinical characteristics, providing an incremental 
increase in our understanding. Both chapters also offer technical instructions to 
implement tissue-guided ctDNA detection within the capabilities of an academic 
medical centre. Finally, Chapter 5 paves the way for high-throughput screening of 
CNAs in cancer samples, a similar approach to that used in non-invasive prenatal 
testing (NIPT). 

A detailed critique of the relevance of each finding is provided in the discussion 
sections of each chapter. To draw direct comparisons between the work in this 
thesis as a whole and other studies is problematic due to wide variation in pre-
analytical and analytical techniques and highly selective patient inclusion criteria. 
However, it is interesting to note that the tissue-guided approach employed in 
Chapters 3 and 4, which uses ddPCR, could be as effective as NGS panel-based 
screening to detect ctDNA and associated clinical trends. As solid tissue is routinely 
collected in pathology departments, molecular analysis can provide a set of targets 
for limited but highly informative ctDNA analysis with quantitative or digital PCR 
methods. Such affordable and user-friendly techniques offer a low bar to entry 
for clinical laboratories looking to add liquid biopsy to their diagnostic repertoire. 
Methods of ctDNA detection have developed rapidly since the start of this PhD 
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project. Technical improvements have brought the sensitivity of NGS in-line with 
digital PCR techniques, the gold standard of ctDNA detection 5. It is now possible 
to detect dozens of cancer-associated mutations simultaneously using large NGS 
panels 6, albeit at a much higher cost per sample than digital PCR. Interrogating a 
broader spectrum of mutation targets makes NGS an attractive alternative when 
solid tissue is unavailable or when screening for unknown mutations. However, 
when looking for previously identified mutations guided by tissue, or new 
mutations frequently associated with treatment resistance, a narrowly targeted 
analysis by ddPCR remains highly effective.

As our biological understanding has grown, applications beyond the detection of 
mutations and CNAs have been developed to exploit the physical characteristics 
of cfDNA 7. For example, genome-wide methylation analysis by microarrays has 
enabled the identification of tissue-specific methylation signatures in cfDNA that 
can indicate the cell-type of origin 8. An over-representation of these characteristic 
signatures from a particular cell-type can suggest new tissue growth and the 
presence of cancer, independent of mutation or copy number status. However, 
the low quantity of cfDNA in a single sample can be insufficient to perform both 
genome-wide methylation microarrays and NGS for mutation analysis 9. Other 
physical characteristics of cfDNA, including fragment length and break-point, 
have become important aspects of detection that can be applied to NGS data 
produced for mutation or copy number analysis 10–12. The combination of these 
characteristics presents a powerful set of tools to exploit the wealth of biological 
information in cfDNA. 

Issues still facing ctDNA detection
Despite the rapid technical advances, fundamental challenges still hamper the 
utility of ctDNA detection as a clinical tool. Highly variable and unpredictable yields 
of cfDNA in plasma present the greatest obstacle to reliable analysis. A recent study 
of cfDNA yields in healthy individuals and lung cancer patients showed variation 
of 25% within- and 30% between subjects over three days 13. In the same study, a 
significant decrease in the cfDNA yield from individual subjects was observed over 
the course of a single day 13. This issue is exacerbated by variability in the quantity 
of ctDNA in cancer patient samples, which also showed wide variation between 
samples. Intriguingly, a complete lack of ctDNA detection is sometimes observed 
in samples from advanced cancer patients, despite a high tumour burden and the 
presence of metastases 14. The subsequently low ctDNA input from these samples 
is more likely to return a false negative result because the quantity is insufficient 
to reach the detection threshold of even the most sensitive molecular assays.
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Little is currently understood of the factors that influence the quantity of cf- and 
ctDNA in plasma. Outside of oncology, raised levels of cfDNA have also been 
observed after trauma or exercise and in patients with chronic inflammatory 
diseases 13,15. The physical and biological processes known to release cf- and 
ctDNA into the circulation such as apoptosis, necrosis and active secretion 16 
require further investigation to improve the likelihood of ctDNA detection in 
a blood sample. In cancer patients, it is likely that a number of factors have a 
cumulative effect on ctDNA levels in plasma, including but not limited to tumour 
burden, stage, location, tumour micro-environment, response to treatment and 
genomic landscape. The variability in yield caused by these factors currently feeds 
into the weak relationship between ctDNA detection and clinical characteristics, 
challenging the ability of liquid biopsy analysis to aid in clinical decision making. 

Furthermore, confident detection of alterations in ctDNA does not necessarily mean 
a tumour is present. Cancer-associated mutations frequently arise in non-cancer 
cells, occurring at a higher frequency in cell types with a high proliferation rate or 
increased exposure to environmental mutagens 17. These cells are probably either 
eliminated by the immune system at an early stage or at the end of their healthy 
life, releasing cancer-associated mutations into the plasma. The effect is amplified 
when mutations accumulate in otherwise-healthy haematopoietic stem cells. 
This phenomenon, known as clonal haematopoietic mutations of indeterminate 
potential (CHIP), can lead to sustained over-representation of cancer-associated 
mutations, copy number aberrations or translocations in plasma 18, causing false 
positive results that would have serious implications for a patient’s treatment 19. 
More research is needed to quantify the effect of these factors, which are difficult 
to isolate due to variations in treatment and the underlying complexity of cancer 
as a disease.

To what extent were the aims formulated in the 
introduction of the thesis met?
Aim 1. Set up and validate workflows for point mutation and copy 
number aberration (CNA) analysis to detect ctDNA
Technical issues, outlined in the introduction Chapter 1, were overcome. Pre-
analytical conditions including blood collection, plasma separation and cfDNA 
isolation were tested and optimised. The sensitivity and specificity of ddPCR was 
tested using positive controls to ensure reliable ctDNA detection within the scope of 
the assays. The cfDNA input to each ddPCR reaction was identified as a sensitivity-
limiting factor and considered when calling a positive result. Finally, a PCR-free 
sWGS workflow was developed and optimised to enable CNA analysis of cfDNA.
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Aim 2. Detect point mutations in ctDNA that were previously 
identified in solid tissue
We effectively targeted mutations previously identified in solid tissue material to 
detect ctDNA from plasma. This approach was applied most effectively to samples 
from the NSCLC patient cohort in Chapter 4, where various clonal and sub-clonal 
EGFR mutations were previously identified in one or more solid tissue samples 3. 
The chances of detecting a mutation in ctDNA were maximised because a sub-set 
of the EGFR mutations were under selection pressure to arise, due to Tyrosine 
Kinase Inhibitor treatments received by the patients. The tissue-guided approach 
was less suitable to CRC patients considered for CRS-HIPEC in Chapter 3, who 
were not receiving targeted therapies 2. Specific mutations in their ctDNA were 
therefore more difficult to predict and subsequently target. Targeted sequencing 
of solid tissue samples from three CRC patients identified no mutations at all, 
so ctDNA detection relied upon screening with a ddPCR kit that targets a limited 
number of mutations in KRAS. In this CRC patient cohort, a larger NGS-panel may 
have identified mutations in other genes, thereby improving ctDNA detection.

Aim 3. Assess the utility of ctDNA detection to address real-world 
clinical needs
The use of tissue-guided ctDNA detection with ddPCR showed clear utility in 
two of the clinical situations evaluated in this thesis: 1) treatment monitoring in 
NSCLC patients and 2) treatment selection in CRC patients. Detailed clinical and 
pathological annotation enabled the characteristics of the individual patient’s 
tumour to be correlated with ctDNA detection, despite the small number of 
patients included. If validated in larger trials, the workflow may be implemented 
in the clinical setting to better inform patient management.

Future Perspectives
The use of genetic liquid biopsy testing is becoming a routine part of cancer patient 
care. The adaptation of pre-existing molecular techniques to plasma ctDNA analysis 
has quickly led to highly sensitive, clinically valid tests. The further application of 
these techniques to liquids such as cervical smears, saliva, cerebrospinal fluid and 
urine promises to reduce the burden on patients in specific clinical situations, 
such as tumour detection and treatment monitoring. Cost barriers, particularly 
associated with NGS, will continue to decrease allowing all clinically informative 
mutations to be interrogated in a single routine ctDNA sample.

However, even with improved detection and a better understanding of the biology 
of ctDNA in the circulation, it is likely that there is a limit to the information that 
ctDNA analysis can yield. Other liquid biopsy biomarkers such as miRNAs in 



145

Summary, Discussion and Future Perspectives

6

exosomes, RNA in tumour-educated platelets and analysis of tumour proteins, 
offer different and alternative information about an individual patient’s cancer. 
In the coming years, a repertoire of genetic analyses will become available for 
each cancer type for a range of clinical circumstances. Such a repertoire will allow 
analysis of the most appropriate cancer biomarker to inform clinical decision 
making, resulting in a better treatment and outcome for the patient.
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A tumour is a mass of mutated cells that can replicate uncontrollably. During 
tumour growth, some cells die because they have become too old or damaged, 
requiring their removal from the body. Circulating tumour (ct)DNA is the DNA from 
these dead cells that is found free in the blood after cellular breakdown. Like other 
biological waste products, ctDNA is temporarily carried in the circulation until it is 
filtered out by the kidneys or taken up by other organs and broken down further.

The ability to analyse ctDNA is truly revolutionary and could have an enormous 
impact on the way cancer patients are treated. The value to clinicians, patients, 
researchers and companies is that ctDNA contains an accessible and comprehensive 
record of the mutations in a tumour. Usually, the only way to obtain this information 
is to perform a biopsy of the tumour mass. This is a surgical procedure that is 
burdensome to the patient, provides only limited insight and is not always possible 
to perform. Analysis of ctDNA in a routine blood draw, a so-called ‘liquid biopsy’, 
can therefore make it easier to monitor tumour growth, identify new mutations and 
select the most effective treatments. If ctDNA analysis can be implemented, it could 
become routine in every hospital in the developed world.

The aim of this thesis was to develop tests for ctDNA to be used in a hospital 
setting. The existence of ctDNA has been known for decades, but techniques 
that can accurately and reproducibly detect it with high sensitivity, thus enabling 
detection of small tumors and those with less blood flow, have only recently 
become available. CtDNA is typically a small fraction of the total (tumour and non-
tumour) circulating DNA in the blood, the majority of which comes from healthy 
cells that have died and broken down. One of the techniques used extensively in 
this thesis can detect specific tumour mutations in this background of non-tumour 
DNA with a high degree of sensitivity. In this thesis, we sought to develop this 
technique and provide a blueprint for effective and reliable ctDNA detection for a 
variety of cancer types, thereby enabling more effective treatment.

Chapter 1 introduces the aims of the thesis, outlines our approach and provides 
background to the field of ctDNA analysis. This is followed in chapter 2 by a 
scientific literature review of the most useful ctDNA markers - specific types of 
ctDNA - which may help clinicians make treatment decisions for colorectal cancer. 

In this thesis, the central approach to ctDNA detection in blood targeted mutations 
previously identified in a biopsied or surgically removed tumor. This tissue-guided 
approach maximised the chance of detecting ctDNA by allowing the effective use 
of a highly sensitive technique that targets only a small number of mutations. We 
used the tissue-guided approach to detect ctDNA in blood from patients with lung 
or colorectal cancer and linked this to certain clinical outcomes, such as survival 
time after treatment. The alternative approach, screening several commonly 
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mutated genes for potential mutations, would have been less sensitive and 
considerably more expensive.  In chapter 3 we used the tissue-guided approach 
to show that ctDNA was more likely to be detected in lung cancer patients who 
were not responding to a specific cancer medicine (Osimertinib), by testing for a 
mutation that often occurs in recipients of this drug. In chapter 4 we showed that 
for colorectal cancer patients who had surgical removal of local tumour metastases 
followed by local chemotherapy, detection of ctDNA before the procedure could 
mean an increased chance of the tumor returning.

DNA in cancer cells can be unstable, resulting in duplication or deletion of 
genes when the cell replicates. Every cell should have two copies of each gene; 
changes in the number of copies can have a negative, neutral or positive effect on 
tumour growth. DNA copy number changes in blood can therefore indicate the 
presence of a tumour. In Chapter 5 we used a technique to count gene copies 
in DNA in the blood. This technique was adapted from a recently introduced 
blood test for pregnant women to detect fetal copy number changes, the cause 
of diseases like down’s syndrome. We modified this to analyse samples from lung 
cancer, lymphoma and leukemia patients and went on demonstrate how this 
approach could be implemented in a hospital, especially if the necessary testing 
infrastructure was already in place.

With these chapters, we offer improved techniques to enable ctDNA detection in a 
hospital setting, thereby achieving the aims of the thesis. We successfully applied 
these techniques to sample sets with detailed clinical annotation, such as cancer 
type, stage and treatment history, to combine ctDNA analysis results with better 
treatment options. The test for mutations in lung cancer patients has already 
been implemented in the VUmc to enable better treatment decisions. Following 
additional clinical validation, the techniques used in this thesis may be further 
implemented to provide improved care for an expanded pool of cancer patients.
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Een tumor is een cluster gemuteerde cellen die zich ongecontroleerd kunnen 
vermenigvuldigen. Tijdens tumorgroei sterven sommige cellen omdat ze te oud 
of beschadigd zijn, waardoor ze uit het lichaam moeten worden verwijderd. 
Circulerend tumor (ct)DNA is het DNA van deze dode cellen dat na celafbraak vrij 
in het bloed wordt aangetroffen. Net als andere biologische afvalproducten wordt 
ctDNA tijdelijk in de circulatie gebracht totdat het door de nieren wordt uitgefilterd 
of door andere organen wordt opgenomen en verder wordt afgebroken.

De mogelijkheid om ctDNA te analyseren is zeer revolutionair en zou een enorme 
impact kunnen hebben op de manier waarop kankerpatiënten worden behandeld. 
De waarde voor clinici, patiënten, onderzoekers en bedrijven is dat ctDNA een 
toegankelijke en uitgebreide informatiebron is van de mutaties in een tumor. 
Meestal is de enige manier om deze informatie te verkrijgen het nemen van een 
biopt van de tumormassa. Dit is een chirurgische ingreep die belastend is voor de 
patiënt, slechts beperkt inzicht geeft en niet altijd mogelijk is. Analyse van ctDNA 
via een routinematige bloedafname, het nemen van een zogenaamd ‘vloeibaar 
biopt’, kan het daarom makkelijker maken om tumorgroei te volgen, nieuwe 
mutaties te identificeren en de meest effectieve behandelingen te selecteren. Als 
ctDNA analyse kan worden geïmplementeerd, zou dit routine kunnen worden in 
elke ziekenhuisomgeving in de ontwikkelde wereld.

Het doel van dit proefschrift was het ontwikkelen van ctDNA tests voor gebruik 
in een ziekenhuisomgeving. Het bestaan   van ctDNA is al tientallen jaren bekend. 
Echter, technieken die het ctDNA nauwkeurig en reproduceerbaar met hoge 
gevoeligheid kunnen detecteren, waardoor kleine tumoren en tumoren met 
een verminderde bloedstroom kunnen worden opgespoord, zijn pas sinds kort 
beschikbaar. CtDNA is normaal gesproken een kleine fractie van het totale (tumor 
en non-tumor) vrij circulerende DNA in het bloed: het merendeel van dit DNA 
is afkomstig van gezonde cellen die afgestorven en afgebroken zijn. Een van de 
technieken die veelvuldig in dit proefschrift wordt gebruikt, kan met een hoge 
mate van gevoeligheid specifieke tumormutaties in deze achtergrond van non-
tumor DNA detecteren. In dit proefschrift hebben we geprobeerd deze techniek 
zo goed mogelijk te ontwikkelen en een blauwdruk te bieden voor effectieve en 
betrouwbare ctDNA detectie voor een verscheidenheid aan kankertypes om zo de 
behandeling tegen kanker te verbeteren.

Hoofdstuk 1 introduceert de doelstellingen van het proefschrift, schetst onze 
aanpak en geeft achtergrondinformatie over het gebied van ctDNA analyse. 
Dit wordt in hoofdstuk 2 gevolgd door een wetenschappelijke literatuurstudie 
van de meest bruikbare ctDNA markers, indicatoren van specifieke soorten 
ctDNA. Deze informatie kan door clinici gebruikt worden bij het nemen van 
behandelingsbeslissingen voor colorectale kanker. 
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In dit proefschrift is de centrale benadering van ctDNA detectie in bloed toegepast op 
kennis van mutaties die eerder zijn geïdentificeerd in tumoren die tijdens operatie 
zijn verwijderd. Deze weefselgerichte benadering maximaliseerde de kans op het 
detecteren van ctDNA door gebruik te maken van een zeer gevoelige techniek die zich 
slechts op een klein aantal mutaties richt. We gebruikten de weefselgerichte aanpak 
om ctDNA op te sporen in bloed van patiënten met long- of darmkanker en koppelden 
dit aan bepaalde klinische behandelingsresultaten, zoals bijvoorbeeld overlevingstijd 
na behandeling. De alternatieve benadering, het screenen van verschillende vaak 
gemuteerde genen op mogelijke mutaties, zou minder gevoelig en aanzienlijk duurder 
zijn geweest. In hoofdstuk 3 hebben we deze weefselgerichte aanpak gebruikt om 
aan te tonen dat ctDNA eerder werd gedetecteerd bij longkankerpatiënten die niet 
reageerden op een specifiek kankermedicijn (Osimertinib), door te testen op een 
mutatie die vaak voorkomt bij ontvangers van dit medicijn. In hoofdstuk 4 hebben 
we laten zien dat voor colorectale kankerpatiënten die in aanmerking kwamen 
voor chirurgische verwijdering van lokale metastasen door middel van plaatselijke 
toediening van chemotherapie, detectie van ctDNA vóór deze procedure een 
verhoogde kans op terugkeer van de tumor zou kunnen betekenen.

DNA in kankercellen kan onstabiel zijn, wat resulteert in duplicatie of deletie van 
genen wanneer de cel repliceert. Elke cel zou twee exemplaren van elk gen moeten 
hebben. Veranderingen in het aantal kopieën kunnen een negatief, neutraal of 
positief effect hebben op de tumorgroei. Wanneer bij een patiënt meer of minder 
dan twee kopieën van een gen in het bloed aangenomen wordt, kan dit wijzen 
op de aanwezigheid van een tumor. In hoofdstuk 5 is een techniek gebruikt 
die de hoeveelheid DNA van elk chromosoom in het bloed telt om hiermee de 
aanwezigheid van ctDNA in het bloed aan te tonen. Deze techniek is overgenomen 
van een onlangs geïntroduceerde bloedtest voor zwangere vrouwen om 
veranderingen in het aantal kopieën van de foetus op te sporen, de oorzaak van 
ziekten zoals het syndroom van Down. We hebben we deze methode aangepast 
om monsters van longkanker-, lymfoom- en leukemiepatiënten te analyseren 
en we hebben laten zien hoe deze aanpak kan worden geïmplementeerd in een 
ziekenhuisomgeving, vooral als de benodigde testinfrastructuur al aanwezig is.

Met deze hoofdstukken bieden we verbeterde tools om ctDNA detectie in een 
ziekenhuisomgeving mogelijk te maken, waardoor de doelstellingen van het 
proefschrift worden bereikt. We hebben met succes deze technieken toegepast 
door belangrijke patientinformatie, zoals bijvoorbeeld ziekte type, ziekte stadium 
en behandelingsgeschiedenis, te koppelen aan ctDNA analyse resultaten, om 
zo een betere indicatie te krijgen van behandelingsmogelijkheden. De test 
voor mutaties bij longkankerpatiënten is al geïmplementeerd in het VUmc om 
behandelbeslissingen te verbeteren. Na verdere klinische validatie kunnen de 
technieken die in dit proefschrift worden gebruikt geïmplementeerd worden om 
betere zorg te bieden aan een grotere groep kankerpatiënten.
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Panning for gold shares several similarities with a liquid biopsy. 

A hopeful prospector will travel to a valley where gold has previously been 
discovered or its presence is suspected. Instead of digging haphazardly in the 
ground, he will begin his search at a river where the flowing water has already cut 
a deep fissure in the landscape. Using a simple pan, he will scoop up a sample of 
sediment from the riverbed and gently sieve through it in search of tiny, sparkling 
flecks. Often, he will find nothing. When a glint of gold finally emerges from the dirt, 
his excitement is dampened by knowledge of the work that must follow. The tiny 
fragments in his pan possess little value in themselves but hint at a much larger 
deposit of gold nearby, gradually eroded by the relentless flow of the river. Before 
claiming his fortune, the prospector must first locate and extract the deposit using 
different and altogether more arduous techniques. 

In a liquid biopsy, traces of tumour DNA carried by the flowing blood are easily 
collected then analysed using widely available laboratory techniques. Non-tumour 
DNA must be sieved out to reveal fragments from a tumour. Often no trace is 
found, but like fragments of gold in the dirt, detection can betray the presence 
of a valuable goal - a tumour somewhere in the body. Like for the prospector, 
detection is merely the first step and other techniques must be used to locate the 
tumour so it can be biopsied, removed or targeted with therapies. 
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Finally, I would like to thank the many people who have helped get me to this 
point. A PhD is a demanding undertaking that I certainly could not have completed 
alone. I would like to make special mention of the following:

First, I would like to thank Bauke, my promotor. I will always remember your 
phone call after my interview, as I waited at Schiphol for my flight back to London. 
The offer you made to take me on as a PhD candidate marked the start of a new 
chapter in my career and the beginning of a life in a new country. You helped me 
move, get set up in Amsterdam and welcomed me into your group. Throughout 
my time in TGAC you gave me the freedom to pursue my own ideas, provided 
crucial guidance and insightful suggestions when I needed it. You were always 
generous with your comments and gave me encouragement when things weren’t 
going my way. I admire your enthusiasm, optimism and drive to get difficult things 
done. I would not be where I am today without your continuous support.

Michiel (co-promotor), thank you for your guidance. It was a pleasure to be a guest 
member of the Exosomes Group, especially for the great borrels and uitjes! Your 
knowledge, ideas and insightful observations were crucial to guide this project to 
completion. Your boundless energy and enthusiasm are infectious and helped to 
keep me going.

Paul (paranymph), always friendly and willing to help. Thanks for helping me find 
my way in a new group and a new country. I didn’t know many people during my 
early days at the CCA so you said I could call you if I needed anything - that was 
very kind. Not only did you help me in the lab but you also improved my Dutch 
though our lively chats. Nu ben ik lekker ingeburgerd! I enjoyed our borrels, lab 
uitjes and trips to the cinema.

Sander (paranymph), I’m very pleased that I got to work with you throughout 
my time at the CCA. Not only did you add the all-important clinical perspective, 
but you made the work fun. You are the personification of the ‘can-do’ attitude 
and you never shy away from a challenge. I enjoyed the banter and jokes about 
anything and everything. I’ll remember the fun times at the PhD retreat and 
drinking whiskey sours!

To the promotion committee: Thanks to Ed Schuuring and Remond Fijneman 
for agreeing to be committee members and for you quick assessment of my 
thesis. I’m looking forward to meeting you at my defence to thank you in person. 
Jacqueline Cloos, I enjoyed our collaboration and appreciate your involvement 
in the committee. Jurriaan Tuynman, your thoughtful insights and calm manner 
made for a highly productive collaboration. I appreciate your contribution to my 
thesis, your membership of my committee and your excellent cooking! Renske 
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Steenbergen, you always made such sharp and insightful comments and 
suggestions after my presentations in the CCA. I’m looking forward to more of the 
same at my defence. Nick Gilbert, my fellow Brit, thank you for being part of the 
committee. I enjoyed our brainstorming sessions and your valuable contribution 
to the conceptual design of chapter five of my thesis.

Thanks to all the members of TGAC I’ve had the pleasure of working with. Erik, 
it was great to work closely with you on our manuscript and to share an office. 
As you had recently finished your own PhD, you gave me encouragement and 
helped me keep things in perspective with good humour. I enjoyed our chats 
about everything from Brexit to tennis. Marit, one of the most knowledgeable 
and driven biologists I know. It was a pleasure to work on our manuscript and 
have a good laugh together in our gezellige office. Daoud, thanks for the good 
advice, interesting discussions and for your dry humour. Jos, your enthusiasm was 
something to behold. I enjoyed our chats about liquid biopsy and how frustrated 
you got when your computer didn’t obey your commands. Thanks to Yongsoo 
for always wanting to help and for being so polite and thoughtful. Thanks also to 
Irsan, Jeroen, Thomas and Saskia for your support and useful feedback.

Hedde, who started in TGAC on the very same day. It has been quite a journey to 
this point, but you made it fun by sharing the ups and downs with a good dose of 
dark humour. I’ll remember the fun times at the PhD retreat and catch-ups over a 
beer (or two). Matias, thanks for always being willing to help and for your positive 
attitude. Irene, you added a lot of cheerful energy to the group and were a fun 
office mate. Tjitske, thanks for your useful feedback and nice chats by the coffee 
machine. Tanya and Barbara, I enjoyed our lunch chats.

Dirk, thanks for your help in the lab, your coding skills and constant willingness 
to help. Phylicia, I admire your efficiency, organisation and ability to remember 
exactly what we did with each plasma sample – something I was no good at! Reno, 
thanks for helping me get set up at the start and for your useful suggestions. 
Sandra, you showed me the ropes and helped me get settled in. Thanks for your 
help and the borrels during in the early days. Jacqueline, I enjoyed working with 
you and appreciate your cheerful attitude. Danielle, it was nice to collaborate with 
you. Ruben, my first student. Thanks for your enthusiastic approach to lab work. 
It was a pleasure to see you develop and grow over the course of your internship. 
I also learned a lot from our collaboration! Laura, thanks for all the work you 
did towards our publication. It was a pleasure to have you as a student and I’m 
pleased that you have continued to work in the lab after your Masters.

To Renske’s group, with whom I shared labs, offices and fun times. Barbara, it 
was nice to share an office with you. I enjoyed sharing the ups and downs of PhD 
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life and the near constant supply of M&Ms when you were around. Wina, Iris and 
Desiree, thanks for the chats and fun times in the Star Wars room. You made me 
feel welcome from the start. Maarten, we always had good banter in the corridor 
and at the occasional borrel. I also enjoyed working with you in Rotterdam and 
hope that we stay in touch. Annelieke, Anina and Sylvia, thanks for your help in 
the lab and for organising great events! Chris, it was always nice to chat to you by 
the coffee machine. Angelina and Putri, thanks for your guidance and for being 
such friendly office mates.

To the Exosomes Group, thanks for treating me as one of your own. Rubina, it was 
always a pleasure to chat to you and share our experiences of living and working 
in a foreign country. Florent, your knowledge of cfDNA is truly enviable. Our 
discussions about the latest research paper were always stimulating and led to 
new ideas. Thanks for your generous and crucial contribution to our manuscript. 
Esther, you always asked how I was doing whenever our paths crossed. Your 
knowledge of clinical procedure was vital to the success of my thesis and I greatly 
appreciate how generous you were with your time and energy. Maarten, your 
enthusiasm and love of your work are visible from space! Talking to you was always 
engaging and enjoyable. Monique, you were a huge help with getting my projects 
going. Your all-encompassing knowledge of the lab and everything in it made it 
much easier to get great results. Sandra and Nils, thanks for the help and advice 
you gave me throughout my project, it was a pleasure to work with you both.

Daniëlle H, you played a crucial role in the set-up and validation of the ddPCR 
workflow and guided my projects towards clinical implementation. Thanks for the 
lively discussions, your valuable insights, comments on our manuscripts and for 
making the time for me. Robert, thanks for supporting my projects and taking the 
EGFR test through to clinical implementation. Cees, Lars and Stefan, thanks for 
your help with the cfDNA isolations. Nicole, I really appreciate your contribution 
as a Pathologist and highly collaborative researcher. It was a pleasure to work 
with you. Pieter and Daphne, thank you for supporting my thesis and providing 
guidance when I needed it. Erik, thank you for providing the all-important blood 
samples and for your guidance at the start. 

Nina, I enjoyed our cappuccino-fueled discussions about LIBEC in the topwerkplein. 
I learned so much about the clinical side from you, it is clear that you love being a 
surgeon. Our complementary knowledge and shared passion for the subject made 
it an excellent collaboration. Idris, your friendly, approachable manner always 
made working with you enjoyable. Your perspective as a senior clinician was crucial 
to chapter four of my thesis. Tom, your advice at the start of my project helped steer 
me in the right direction. Hans, Dennis, Maxime, Nik and Piotr, we had some great 
borrels! Frank and Tim, it was always fun to go for a beer with you two.
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To my high school teacher Jane, thanks for sparking my passion for biology 
seventeen years ago and setting me on the path to where I am now. To my 
secondary school headteacher Mr. Roe†, thank you for taking the time and 
effort to personally teach me to aim high. Thanks to the lads back in the UK for 
great weekends in London and epic ski trips. Thanks to Jan, Jeannette, Robbert, 
Michiel and Marjo for the fun days out and very enjoyable visits to Zeeland. To my 
parents and stepparents, Mum, Dad, Nick and Pascale and to my brothers Tom 
and Nick, thanks for all your support and encouragement over the years.

Eline, to you I am the most grateful. Your loving support and encouragement 
have kept me going through the failed experiments, rejected manuscripts and 
weeks of Covid lockdowns. It has been wonderful getting to know you these past 
five years while exploring our new city together. I am truly lucky to have such a 
kind, thoughtful and generous partner. I’m looking forward to many more exciting 
adventures with you, I love you.
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