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 V 

Utfordringer ved å innføre sirkulerende 
tumor DNA-analyser i lungekreftforskning 

 

Lungekreft er den ledende årsaken til kreftrelaterte dødsfall over hele verden, inkludert i 

Norge. Dette prosjektet handlet om ikke-småcellet lungekreft (NSCLC) som er den 

vanligste typen lungekreft. Til tross for at det har vært store fremskritt innen behandling 

er prognosen for NSCLC fortsatt svært varierende. Noen pasienter opplever god effekt av 

behandling, andre en kortvarig eller dårlig effekt, og mange opplever at kreftsykdommen 

kommer tilbake. Det er behov for bedre verktøy for å klassifisere pasienter med NSCLC.  

 Analyse av sirkulerende tumor DNA (ctDNA) som finnes i blodet til kreftpasienter 

kan muligens være et slik verktøy og i dette prosjektet undersøkte vi ulike aspekter ctDNA 

som en biomarkør. Det er nemlig flere utfordringer med ctDNA-analyser på grunn av de 

lave nivåene i blodet, særlig hos pasienter med tidlig stadium kreft. Det var derfor et 

sentralt mål med prosjektet å utvikle en tilnærming for ctDNA-analyse som var sensitiv, 

spesifikk og samtidig gjennomførbar i rutinediagnostikk. 

Vi testet en "tumor-informert" tilnærming til ctDNA-analyse, som innebar analyse 

av pasientens tumor-DNA og deretter tilpassing av ctDNA-analysen til den enkelte pasient. 

Ved å legge til informasjon om kvaliteten på tumor DNA, ble data enklere å tolke og mer 

pålitelig. Resultatene viste videre at påvisning av ctDNA ved bruk av denne metoden var 

en negativ prognostisk faktor i vår pasientkohort. Med andre ord, de som hadde ctDNA i 

blodet levde kortere og kreften kom raskere tilbake. Vi så likevel at fordelen med slike 

analyser var størst hos pasienter der vi klarte å påvise ctDNA, og de tilhørte mindretallet. 

Videre undersøkte vi sammenhengen mellom ctDNA-mengde i blodet og den 

metabolske aktiviteten i tumor, altså hvor mye sukker som tas opp i tumor for å lage 

energi, enkelt forklart. Resultatene tydet på at det kan være en sammenheng mellom 

disse to karakteristikkene, men det kreves videre forskning for å bekrefte disse resultatene 

og forklare de underliggende mekanismene. 

Resultatene fra dette prosjektet bidrar i en større innsatts for å forbedre 

persontilpassede strategier for behandling av NSCLC.  
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Abstract 
 

Lung cancer is the leading cause of cancer-related deaths worldwide, including Norway. 

This study focused on non-small cell lung cancer (NSCLC), the most common subtype, and 

aimed to enhance the classification of NSCLC patients using circulating tumor DNA (ctDNA) 

as a biomarker. Despite advancements in treatment, the prognosis for NSCLC remains 

highly variable, with some patients experiencing positive responses, while others face 

relapse or no response at all. 

The thesis investigated the potential of ctDNA, which carries tumor-specific 

mutations, to improve prognostic accuracy and promote more individualized and thereby 

improved cancer management. The theoretical utility is high, but ctDNA analyses pose 

challenges due to its low levels in the blood, particularly in early-stage patients. Therefore, 

a key objective of this project was to develop an approach for ctDNA analysis that could 

be implemented in routine diagnostic laboratories. 

To address these challenges, a 'tumor-informed' ctDNA analysis approach was 

tested and validated. This involved analyzing the patient's tumor DNA and customizing the 

analysis to individual patients. By incorporating quality assessment of the tumor DNA, the 

analysis could be tailored to improve data quality and reliability. The results demonstrated 

that ctDNA detection using this customized approach served as a negative prognostic 

factor in our NSCLC patient cohort. However, it was found that the benefit of ctDNA 

detection was limited to a minority of patients who had detectable ctDNA. 

Furthermore, the study explored the relationship between ctDNA levels and tumor 

metabolic activity. Preliminary findings indicated a correlation between these two 

characteristics, suggesting the potential involvement of tumor metabolism in ctDNA 

release. However, further research is necessary to confirm these results and elucidate the 

underlying mechanisms. 

The findings of this project contribute to the ongoing efforts to improve 

personalized treatment strategies and outcomes for NSCLC patients. 
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1 Introduction 
 

Survival for non-small cell lung cancer (NSCLC) has improved considerably in the last 

decades [1,2]. One reason is an improved understanding of the biology of NSCLC leading 

to development of targeted therapies, in addition to better methods for staging, less 

invasive surgical techniques, stereotactic and conformal radiotherapy, and 

immunotherapy. The patient’s health, the stage of disease and histopathological and 

molecular classification of the tumor are the main factors taken considered when selecting 

therapy for individual patients. However, there are large variations in treatment outcomes 

and need for better therapy. It is evident that we need better tools for the classification of 

NSCLC, which will enable more individualized and, thereby, better treatment of patients 

and facilitate the development of new, effective therapies. 

Analysis of circulating tumor DNA (ctDNA) released from tumor cells into the circulation 

and identified from a blood sample has emerged as a promising method for such 

classification [3]. It has been hypothesized that ctDNA analyses can be used for, e.g., 

early detection of cancer, molecular tumor classification, prediction of treatment response 

and prognosis, response evaluation, and early detection of disease progression. However, 

the current clinical utility is limited, and several challenges must be overcome before 

ctDNA can be implemented in routine clinical practice.  

This Ph.D. thesis explores the implementation of ctDNA analyses in translational 

research of NSCLC, from selecting the optimal analytical methods to investigating the 

clinical relevance. Three specific aims were formulated for the project:  

 

• Find an approach for ctDNA detection that is sensitive, specific, and applicable for all 

NSCLC patients, while simple enough to be implemented in routine diagnostics. 

• Investigate whether ctDNA detection provides prognostic information in patients with 

early-stage NSCLC. 

• Investigate whether ctDNA analysis provides more prognostic information than 

established diagnostic procedures. 
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2 Background 

2.1 Epidemiology 

2.1.1 Etiology 

Tobacco smoking is the main risk factor for lung cancer, and about 80% of patients are 

current or former smokers [4]. Environmental carcinogens such as radon and asbestos 

are believed to be the second most important risk factors in Norway, and it is estimated 

that radon annually causes 370 incidents, ~12% of new cases, and 300 deaths annually 

[5]. Other known common risk factors include exposure to asbestos, diesel exhaust, 

nickel, and chrome [6]. In addition, risk factors such as air pollution and high arsenic 

levels in drinking water are important risk factors globally [7].  

A proportion of patients develop lung cancer with no apparent cause, indicating 

that there are other unknown factors. It is known that age is a risk factor for cancer in 

general, yet only a small percentage of the older population develops lung cancer [8]. It 

is likely that genetics also play a role [9], and it is estimated that hereditary factors cause 

5-10% of all cancers, although the specific mechanisms are largely unknown [9]. 

2.1.2 Incidence 

Lung cancer is the second most frequent cancer, with 2.2 million new cases globally in 

2020 [10]. The incidence rates are highest in Western countries and Asia and lowest in 

Africa and Central America. It is the second most frequent cancer in Norway, with 1694 

new cases among women and 1772 cases among men in 2022. Lung cancer is a rare 

disease in individuals below 50 years, reflected by the median age at diagnosis being 73 

years [11]. 

Due to the strong association with tobacco smoking, the trends in lung cancer 

incidence follow the smoking trends with about 30 years delay [11]. After 70 years of an 

increasing incidence rate among Norwegian men, the rate stabilized around the 1990s and 

has decreased since 2010 (Figure 1). The incidence rate among women has been 

increasing until today since smoking became popular among women later than men, but 

it may have reached its maximum now. The Norwegian Cancer Registry has estimated 

that the number of new cases annually will increase until 2030, mainly due to an aging 

and growing population [12].  
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Figure 1: Lung cancer incidents per 100.000 person-years among Norwegian women (left) and 

men (right). Modified with permission from [11]. 

 

2.2 Survival 

The survival rate of lung cancer is low compared to other cancer types, and it remains the 

most common cause of cancer death with 1.8 million deaths worldwide in 2020 [10]. 

Similarly, lung cancer is ranked highest in Norway and caused 2202 deaths in 2022 [11].  

Patients with a single small tumor have the highest 5-year relative survival rate at 

~70% compared to ~8% for advanced disease patients. Almost 45% of patients have 

metastatic disease at the time of diagnosis, which contributes to the poor survival of the 

lung cancer population as a whole [11]. There have, however, been encouraging 

improvements in survival since the start of this millennium. The overall 5-year survival 

rate has increased from 9% to 30% (Figure 2). Similarly, the 1- and 2-year survival rates 

have increased significantly in this period since more patients are offered potentially 

curative therapy, but also because patients with advanced disease are offered more 

effective therapies. Consequently, the lung cancer prevalence in Norway has almost 

doubled in the past decade from around 6000 patients living with the diagnosis to 11,500 

[11]. 
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Figure 2: 1- and 5-year relative lung cancer survival for all patients and according to subtype. 

Modified with permission from [11]. 

 

2.3 Subtypes of lung cancer 

Lung cancer is a collective term for malignant tumors that develop in the tissues of the 

lung, typically epithelial cells lining the airways, and are thereby defined as lung 

carcinomas. Two main subtypes, small-cell lung cancer (SCLC) and NSCLC, were defined 

in the 1960s based on different development and treatment outcomes [13]. The research 

in this thesis focused on NSCLC, and little attention is paid to SCLC in the following 

chapters.  

2.3.1 Non-small cell lung cancer (NSCLC) 

About 85% of lung cancer cases are classified as NSCLC [14]. Compared to SCLC, these 

tumors are generally less aggressive, and with more heterogeneity concerning disease 

development and response to therapy. Historically, the most common subtype was 

squamous cell carcinoma (SCC), likely due to its strong association with smoking, 

particularly with the early types of cigarettes [15]. SCC arises from squamous epithelial 

cells and is often located centrally in the lungs, close to the large airways (bronchi). The 

proportion of adenocarcinoma (ADC) cases has increased rapidly in the last decades and 
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ADCs now account for 60% of cases, while the proportion of SCC has decreased to 25% 

[16]. The reason is probably changes in chemical content of tobacco and the introduction 

of filtered cigarettes leading to deeper inhalation of smoke, and this subtype often occurs 

peripherally in the lungs [17]. ADC is also most common subtype among never-smokers 

[18]. Various types of epithelial cells give rise to ADC, and the best characterized precursor 

cells are alveolar type II cells, which produce pulmonary surfactant vital to maintain 

surface tension and prevent alveoli from collapsing [19]. Some tumors contain a 

combination of ADC and SCC morphology and are classified as adenosquamous carcinoma. 

Large cell carcinoma is another common entity and there is a wide range of rare subtypes. 

In some cases, tumors do not resemble any defined subtype and is classified as NSCLC-

not otherwise specified [20]. 

2.3.2 Small-cell lung cancer 

About 15% of cases are classified as SCLC, characterized by rapid tumor growth, early 

formation of metastases (particularly to the brain), and rapid and profound response to 

chemotherapy, which is usually followed by treatment resistance. The overall poor 

prognosis and has remained more or less unchanged the last 20 years [21]. SCLC is almost 

exclusively seen in smokers, at least in Western countries, and similar to SCC, the primary 

tumor often arises in the bronchi [22]. The precursor cells are believed to be 

neuroendocrine epithelial cells because the tumors often express neuroendocrine markers, 

and SCLC is one of the most common causes of paraneoplastic syndromes [23]. The tumor 

cells are small to medium in size, have a high nucleus-to-cytoplasm ratio, grow fast, and 

metastasize early [24]. Some tumors contain a mixture of NSCLC and SCLC tumor cells 

but are classified and treated as SCLC since this component is usually the most aggressive 

and clinically dominant [25]. 

2.4 Molecular biology of NSCLC and implications for treatment 

Cancer cells are characterized by hallmark capabilities that distinguish them from their 

normal counterparts, such the ability to sustain proliferation, avoid detection by the 

immune system, invade surrounding tissue, and metastasize [26]. These hallmarks are 

believed to be acquired through inflammation, epigenetic programming, and genomic 

instability. Tobacco smoke causes inflammation, e.g., via the release of reactive oxygen 

species, which trigger a production of growth factors and cytokines, and chronic 

inflammation by consistent exposure lead to an imbalance and consistent production of 

these factors [27,28]. This creates a tumor-promoting milieu by, for example, providing 

proliferative signals, inducing angiogenesis, and recruitment and selection of tumor-

promoting immune cells. Additionally, both inflammatory mediators and tobacco 
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carcinogens cause epigenetic changes and direct changes in DNA [29,30]. Studies have 

demonstrated that individual CpG sites are hypomethylated and hypermethylated in 

smoking-related ADC compared to non-smokers [31]. Gene expression is repressed by 

DNA hypermethylated promoter regions which may be carcinogenic if it occurs in tumor 

suppressor genes. These changes are reversible, and a meta-analysis showed that the 

methylation pattern mostly returns to a normal level within five years of smoking cessation 

[32]. Hypomethylation, on the other hand, causes genomic instability and aneuploidy, for 

example, by loss or gain of chromosome arms (reviewed by [33]). Furthermore, tobacco 

smoking is associated with a higher tumor mutation burden (TMB, i.e., 

mutations/megabase) and predominance of cytosine to adenine (C>A) transversion. In 

contrast, cytosine to thymine (C>T) transitions are predominant in non-smokers.  

 

 

 
Figure 3: Alterations in targetable oncogenic pathways in NSCLC, with percentages 

showing the prevalence in ADC (LUAD) and SCC (LUSC). Reused with permission from 

Herbst et al, 2018 [1]. 

 

 Direct changes in the DNA can functionally alter oncogenes and activate growth-

promoting signaling pathways (Figure 3). The first targetable driver gene to be identified 

in lung cancer was the epidermal growth factor receptor (EGFR), a transmembrane 

tyrosine kinase. Upon ligand binding, the receptor dimerizes and activates the 

RAS/RAF/MEK/MAPK pathway leading to cell proliferation and survival. EGFR is over-
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REVIEW INSIGHT

Unlike LUAD, actionable mutations in receptor tyrosine kinases are 
rarely detected in LUSC15.

Mutations in tumour protein p53 (TP53) are more commonly observed 
with advancing grade, suggesting a role during tumour progression16. 
By contrast, the frequency of KRAS mutations in LUAD seems constant 
across tumour grades, suggesting a role in tumour initiation or early  
tumorigenesis, and supporting the presence of KRAS alterations in 
founder clones.

The genomic landscape of lung cancer is markedly distinct between 
never smokers and smokers, with the latter containing a significantly 
higher mutation frequency, predominantly cytosine to adenine (C> A) 
nucleotide transversions and non-actionable mutations such as those in 

KRAS and TP53. By contrast, never smokers usually have a predomi-
nant transition of cytosine to thymine (C> T), and a higher prevalence of 
actionable driving gene alterations including activating EGFR mutations, 
and ROS1 and ALK translocations14,17.

Tumour microenvironment
Genetic events that initiate and drive tumour evolution also shape the 
tumour microenvironment (TME). Therefore, the genetic architecture of 
a tumour determines not only the fitness of the cancer cells, but also the 
composition of the TME. NSCLC has a particularly high somatic tumour 
mutation burden (TMB), defined as the number of nonsynonymous  
coding mutations per megabase, particularly in smokers, who represent 

BOX 1
Alterations in targetable  oncogenic pathways in LUAD and LUSC
Pathway diagram showing the percentage of NSCLC with alterations 
involving key pathway components for receptor tyrosine kinase 
signalling, mTOR signalling, oxidative stress response, proliferation 
and cell cycle progression. The frequency of alterations is based 
on the sum of somatic mutations, homozygous deletions, focal 
amplifications, and by significant up- or downregulation of gene 
expression (for example, AKT3, FGFR1, PTEN).

The most commonly mutated genes in LUAD include KRAS and 
EGFR, and the tumour suppressor genes TP53, KEAP1, STK11 and 
NF1. The frequency of EGFR-activating mutations varies greatly 
by region and ethnicity. KEAP1 inactivation in the presence of 
KRAS mutations confers sensitivity to inhibition of glutaminase in 

preclinical lung cancer models, providing a potential therapeutic 
strategy in dual KEAP1- and KRAS-mutant LUAD139.

Common mutated genes in LUSC include the tumour suppressors 
TP53, which is present in more than 90% of tumours, and CDKN2A. 
The latter, which encodes the p16INK4A and p14ARF proteins, is 
inactivated in over 70% of LUSC through epigenetic silencing by 
methylation (21%), inactivating mutation (18%), exon 1β  skipping 
(4%), or homozygous deletion (29%). Although EGFR amplification 
occurs, unlike LUAD, actionable mutations in receptor tyrosine kinases 
are rarely observed in LUSC. (Data compiled from refs 14, 17, 22, 45 
and diagram adapted from refs 17, 22.)

MET FGFR1, 2, 3 ALK

AMPK

EGFR
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Proliferation, cell survival, translation

AKT2 AKT3
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AKT1
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2%
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4%
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7% 4%
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KEAP1
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CUL3
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3% 19%
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8%
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9%
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4%

CDK4

7%

CCNE4

3%

RB1

LUSC
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Activated
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.(<
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expressed in many NSCLCs, which lead to treatment with monoclonal antibodies and, later 

intracellular tyrosine kinase inhibitors (TKIs), which demonstrated an effect in a minority 

of patients [34]. In 2004, activating EGFR mutations were discovered and suspected to be 

associated with TKI response, confirmed by the IPASS study in 2009 [35–37]. Targetable 

mutations in EGFR are found in 15-20% of ADC patients in Western countries and 45-50% 

of the Asian population and are more prevalent in female non-smokers (Figure 4). The 

most frequent mutations are deletions in exon 19 and the single nucleotide variant L858R 

in exon 21. Tumors develop resistance upon EGFR TKI treatment by acquiring an exon 20 

insertion or the T790M in EGFR, via mechanisms activating the same pathway but 

bypassing EGFR signaling, or by histological transformation to SCLC [38]. Third-generation 

TKI is effective in patients with a T790M mutation but lead to other resistance mutations, 

such as C979S, demonstrating a central issue of targeted treatment [39]. 

 A second important discovery was the gene fusion involving the transmembrane 

tyrosine kinase anaplastic lymphoma kinase (ALK) in 2007 and the subsequent 

identification of an effective TKI [40]. ALK fusions are found in ~4% of ADC patients, 

primarily female light- or never-smokers [41]. In the following years, more driver gene 

alterations were identified, such as RET [42], ROS1 [43], and NTRK fusions [44], 

succeeded by the development of effective TKIs [45–47], as well as an effective treatment 

for ADC with a V600E mutation in BRAF [48]. Alterations in these driver genes are most 

often mutually exclusive, each event is rare and occurs in less than 5% of ADC patients 

(Figure 4) and most often in non-smokers [49]. 

 The second most frequent driver gene in ADC is KRAS, a known driver gene in 

several cancer types, including lung cancer, for decades, but targeted treatment 

development proved difficult [50]. However, a KRAS G12C inhibitor was recently proven 

effective [51]. KRAS mutations are more frequent in the Western population than in Asia 

(~25% vs. ~10%) and in male smokers. About 80% of mutations occurring in codon 12 

(Figure 4). Among Norwegian ADC patients, KRAS is mutated in about 38% and 17% had 

G12C mutation, qualifying them for targeted treatment [52]. The mutated protein 

constitutively activates the downstream signaling pathway, effectively bypassing EGFR 

signaling, and mutations in these two driver genes rarely co-exist. 

About 25-50% of ADC patients harbor no targetable driver gene alteration [53], 

but may harbor alterations in other driver genes. Examples are over-expression of the 

transcription factor MYC or mutated genes in the PI3K/AKT/mTOR pathway, such as 

PIK3CA, PTEN, and AKT, which lead to inhibition of apoptosis [54]. 
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Figure 4: The most frequent actionable alterations in ADC patients in the Western 

and Asian populations. Reused with permission from Tan and Tan, 2021 [53]. 
 

 The inactivation of tumor suppressor genes leads to the repression of growth-

inhibiting signaling pathways (Figure 3). For example, the protein p53 is activated by DNA 

damage and prevents further accumulation of genetic damage by arresting the cell in the 

G1 phase (growth) and subsequently induce DNA repair or apoptosis [55]. The gene 

encoding p53, TP53, is mutated in 40-80% of NSCLC and is also frequently lost by deletion 

of the chromosomal region 17p13 causing a homozygous loss-of-function [56,57]. Other 

frequently mutated tumor suppressors are CDK2NA and RB1 (the latter more prevalent in 

SCLC than NSCLC), which control the cell cycle progression from G1 to S phase (DNA 

synthesis), and STK11 which controls cell polarity, motility, and differentiation. STK11 

often correlates with KRAS mutations and, thus, is often found in male smokers with ADC. 

Loss of heterozygosity by chromosome arm 3p, which contains several tumor suppressor 

genes, is also found in most NSCLCs [58]. Currently no targeted treatments are available 

for alterations in tumor suppressor genes, possibly because it is more challenging to 

restore loss-of-function than to block gain-of-function.  
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 Another hallmark of NSCLC that has implications for treatment is the ability to 

escape detection by the immune system, which is especially relevant in lung cancer 

because the high TMB increases the likelihood of producing neoantigens recognized T-

cells. Many NSCLC tumors have increased expression of programmed cell death ligand-1 

(PD-L1), which binds to the programmed death receptor 1 (PD-1) of T-cells and inhibits 

the cytotoxic activity [59]. 

 

2.5 Diagnostic procedures 

Typical symptoms of lung cancer are coughing, hemoptysis, dyspnea, chest pain, fatigue, 

and weight loss [60]. If lung cancer is suspected, patients undergo a set of diagnostic 

procedures to confirm the cancer diagnosis, assess the disease stage, histological subtype, 

molecular profile, and the patient’s tolerability to treatment. 

2.5.1 Cancer staging 

Lung cancer is staged according to the TNM system, i.e., the tumor size (T, stage 1-4), 

lymph node involvement (N, stage 0-3), and presence of distant metastases (M, stage 0-

1)[61]. According to the T, N and M descriptors, an overall disease stage is defined from 

I to IV (Table 1). The TNM staging system is continuously revised and updated due to 

changes in diagnostic technology, available therapies, and treatment policies, and the TNM 

system is designed to be a prognostic factor to separate the four stages in a Kaplan-Meier 

analysis [61]. The 9th version is expected to be introduced in 2024. 

SCLC has traditionally been staged as “limited stage” (LS) or “extensive stage” 

(ES) since this is the only separation that is used to select therapy. LS is defined as having 

confined disease to one hemithorax and regional lymph nodes, whereas all other patients 

have ES. Various definitions of LS have been employed, and TNM staging is also 

recommended for SCLC to understand better the clinical impact of disease extent [62]. 
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Table 1: TNM version 8. Source Goldstraw et al, 

2015 [61].  

 N0 N1 N2 N3 

T1 IA IIB IIIA IIIB 

T2a IB IIB IIIA IIIB 

T2b IIA IIB IIIA IIIC 

T3 IIB IIIA IIIB IIIC 

T4 IIIA IIIA IIIB IIIC 

M1a IVA IVA IVA IVA 

M1b IVA IVA IVA IVA 

M1c IVB IVB IVB IVB 

 

2.5.2 18F-fluorodeoxyglucose positron emission tomography/computed 

tomography (18F-FDG PET/CT) 

All suspected lung cancer patients are examined by chest computed tomography 

(CT), and those considered for potentially curative treatment based on this initial staging 

are then referred for an 18F-fluorodeoxyglucose positron emission tomography/CT (18F-

FDG PET/CT) scan since this is the most sensitive and specific imaging technique for 

assessing malignant lesions [63]. The patient receives an injection with radioactively 

labeled glucose (18F-fluorodeoxyglucose) which emit radiation that is detected, 

transformed into a visual signal, and then transposed onto the CT images. 

Most tumor tissues have a high glycose uptake due to the Warburg effect of 

malignant cells, which is the process of switching to anaerobic glycolysis even in the 

presence of oxygen [64]. The level of glucose uptake can be quantified as the standard 

uptake value (SUV, g/mL), and used to identify malignant lesions [65]. It is, however, 

important to remember that some organs (e.g., kidneys and brain) and benign conditions 

(e.g., inflammation) have a constant high glucose uptake or high perfusion, making it 

challenging to detect of metastases in these organs by 18F-FDG PET/CT. Patients with a 

high risk of brain metastases, e.g., stage III patients, should therefore undergo magnetic 

resonance imaging of the brain. 
18F-FDG PET/CT is also used to define target volumes for definitive radiotherapy, 

ensuring that all lesions are included while at the same time limiting the radiotherapy 

fields to 18F-FDG PET/CT-positive lesions instead of, e.g., routinely including all regional 

lymph node stations [63]. This approach limits normal tissue irradiation, reducing 

radiotoxicity to a minimum. 
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2.5.3 Histological classification  

Histological classification of the tumor requires a biopsy or a cytological specimen, which 

are obtained via bronchoscopy, surgery, or transthoracic sampling. Tissue is fixated with 

formalin which creates crosslinks between the proteins and keeps the morphology is intact 

[66]. The fixed tissue is then embedded in paraffin to enable cutting thin sections (3 µM) 

of the formalin-fixed paraffin-embedded (FFPE) tissue block and allows stable long-time 

storage. The tissue sections are treated with a hematoxylin and eosin stain that make 

cellular structures visible to the pathologist who evaluates the specimen by microscopy. 

Additional slides are often stained using immunohistochemistry (IHC) to visualize proteins 

which are commonly expressed by different subgroups of lung cancer. 

2.5.4 Molecular diagnostics 

Molecular diagnostics support the histological classification and identify molecular 

characteristics that are targetable by specific therapies and might be prognostic. The 

expression of the protein PD-L1 is routinely assessed using IHC since this is essential for 

deciding whether patients who are ineligible for targeted therapy should be offered mono- 

or combination immunotherapy. Additionally, tumor DNA extracted from advanced NSCLC 

is analyzed by next-generation sequencing (NGS) to identify actionable targets. Advanced 

ADCs are additionally tested for translocations of ALK and ROS1 using IHC and confirmed 

using fluorescent in situ hybridization (FISH). Available targeted therapies at public 

hospitals outside clinical trials in Norway are EGFR, ALK, ROS1, NTRK, RET, and BRAF 

inhibitors. 

There are no established clinical implications of molecular testing for SCLC. 

2.5.5 Patient health and preferences 

Measuring lung function is essential to ensure sufficient lung capacity after surgery 

or radiotherapy. Adequate bone marrow, kidney, and liver function is required to tolerate 

most systemic therapies, especially cytotoxic chemotherapy. The patient’s overall 

performance status (PS) is usually assessed according to the WHO/Eastern Cooperative 

Oncology Group Performance Status [67]. Patients with normal activity have a PS of 0, 

those with close to normal daily activities have a PS of 1, while those with a score of 2 are 

unable to work, yet in bed <50% of the time. Patients with a score of 3 are in bed >50% 

of the time, and patients with a score of 4 are completely bedbound. 

There are several methods to measure the number and types of co-existing 

conditions and diseases. Numerous studies show that comorbidity is associated with 

shorter survival time and more treatment toxicity, but the clinical application when 

selecting treatment for individual patients remains to be established [68]. 
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Finally, the patient’s preferences should always be taken into consideration. 

Compliance and satisfaction depend on sufficient information about the disease, treatment 

options, and potential benefits and toxicity.  

 

2.6 Treatment modalities and prognosis 

2.6.1 Potentially curative treatment of NSCLC 

About 40% of Norwegian NSCLC patients receive potentially curative treatment with 

surgery or radiotherapy [11]. As shown in Figure 5, operable patients with stage I disease 

are treated with surgery alone, while patients with stage II-III disease are offered adjuvant 

chemotherapy after surgery [69], and patients with a targetable EGFR mutation receive 

an EGFR TKI [70]. Overall, 75% of operated patients are alive after five years, ranging 

from 50% of stage III patients to 90% of stage I patients [11]. 

Medically inoperable patients with stage I-II tumors without nodal involvement can 

be offered stereotactic body radiotherapy, in which several beams of energy are focused 

on the tumor and deliver high-intensity radiation [71]. Patients with larger tumors or 

lymph node involvement are offered conventional high-dose radiotherapy. Medically 

inoperable stage III patients are treated with concurrent chemotherapy and radiotherapy 

followed by adjuvant immunotherapy for up to one year [72]. Regardless of treatment 

modality, the 5-year relative survival is 68%, 50% and 24% for stages I, II, and III, 

respectively [11]. Notably, the population of stage III patients encompasses both curative 

and palliative treatment. 

 

  
Figure 5: Curative and palliative treatment of NSCLC, according to the Norwegian treatment guidelines for 

lung cancer [60]. SBRT: stereotactic body radiotherapy.  
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2.6.2 Palliative treatment of NSCLC 

The goal for patients who cannot be offered curative treatment is to prolong life, achieve 

symptom control and maintain quality of life. The main anti-cancer treatments are 

chemotherapy, targeted therapy, immunotherapy, and palliative radiotherapy (Figure 5).  

The first systemic palliative therapy for NSCLC was cytotoxic chemotherapy. The 

survival benefit was, however, limited, and severe toxicity was common. Typically, 1/3 of 

patients respond, 1/3 have stable disease, and 1/3 progress during standard, first-line 

platinum-doublet chemotherapy [73,74]. The first major advancement in systemic therapy 

for NSCLC was the identification of TKI response in patients with a targetable EGFR 

mutation [37]. Third-generation EGFR TKIs lead to response rates of 80%, median 

response durations of 17 months, and significantly prolong survival compared with 

cytotoxic chemotherapy [75]. Targeted therapies provide higher response rates, 

prolonged survival compared to chemotherapy and are usually less toxic [76]. However, 

virtually all patients experience disease progression due to treatment resistance, and 

unfortunately, most patients with driver alterations appear to benefit less from 

immunotherapy than patients without [77]. 

Checkpoint inhibitor immunotherapy has become the backbone of systemic therapy 

for NSCLC without driver alterations. NSCLCs, regardless of histologic subtype, with high 

PD-L1 expression are offered mono-immunotherapy [78], and patients with low or no PD-

L1 expression are offered combined chemotherapy and immunotherapy [79]. 

Palliative radiotherapy for NSCLC includes irradiation of progressing, systemic 

treatment-resistant, thoracic tumors compressing central airways and large vessels; bone 

metastases causing pain or at risk of fracturing; and ulcerous skin metastases [80]. 

Surgery is an alternative for patients with an immediate need of symptom control or with 

radioresistant tumors, usually limited to patients without general progression or eligible 

for subsequent highly effective systemic therapy. 

There are examples of patients with advanced disease who achieve long-term 

disease control and are alive five years after treatment with immunotherapy [81]. These 

patients may have been cured even though the treatment intention initially was palliative. 

However, the 5-year relative survival for patients with stage IV disease is 8% [11].  

2.6.3 Treatment of SCLC 

In contrast to NSCLC, surgery plays little role in SCLC treatment since most patients have 

too widespread disease at diagnosis [82]. The main treatment for SCLC is platinum doublet 

chemotherapy [83]. Patients with LS receive concurrent radiotherapy to all lesions, 

whereas ES patients receive chemotherapy and immunotherapy [84]. Prophylactic cranial 

irradiation reduces the risk of brain metastases and prolongs survival in LS SCLC [85]. 

Patients who experience relapse may be offered more chemotherapy [86]. About 70-90% 
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respond to primary treatment and approximately 1/3 of LS patients are cured by 

chemoradiotherapy, but most experience disease relapse [87]. The 5-year overall survival 

rate is 25-30% for LS patients [88], whereas 3-year survival has increased from 5-6% to 

15-18% for ES patients with the recent addition of immunotherapy [89].  

2.6.4 Prognostic and predictive factors used in treatment selection 

Prognostic factors are associated with the disease outcome regardless of treatment 

modality. PS, sex, disease stage, and appetite loss are the strongest prognostic factors in 

NSCLC [90–92]. Good PS, female sex, lower disease stage, and no appetite loss are 

associated with better prognosis.  

A predictive marker provides information about the outcomes of specific 

interventions. The best examples in NSCLC are molecular alterations for which there are 

specific targeted treatments available. PD-L1 expression is another predictive factor, 

although not perfect, associated with response to immunotherapy for NSCLC, except 

patients with a targetable alteration [79]. 

 

2.7 Current challenges in the classification of patients with 

NSCLC 

Although there has been considerable improvement in lung cancer survival, there are 

considerable variations in treatment response, time to progression, survival, and 

treatment toxicity among patients who receive potentially curative treatment. Current 

challenges include: 

 

1. Accurate mapping of the disease extent – who should be offered adjuvant treatment? 

The inability to accurately assess the disease extent is likely a reason why many patients 

experience relapse despite surgical removal or irradiation of all known lesions – or 

radiological complete therapeutic response, or metastases in an initially believed 

unaffected organ. For example, the improved ability to detect the extent of micro-

metastases in the primary setting or as a residual disease after initial therapy would enable 

us to avoid unnecessary treatment and potentially toxic interventions and avoid adjuvant 

therapies in patients who are already cured.  

 

2. Predict disease development – whom should we treat and whom should we monitor? 

Some tumors grow slowly and do not influence the patient’s health much. These patients 

may benefit from surveillance rather than receiving potentially unnecessary or toxic 

treatment. The problem is that we cannot predict growth rate or metastatic potential. We 
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know that prophylactic cranial irradiation reduces the risk of brain metastases in SCLC. 

However, not all patients are at risk of brain metastases, and irradiation can cause 

significant cognitive dysfunction [93].  

 

3. Predicting and evaluating treatment effect 

Identifying characteristic(s) that distinguish patients with poor response from the good 

responders would help us selecting the most effective treatment for every patient. 

Furthermore, many patients experience temporary or no response to treatment. If severe 

treatment toxicity occurs, it would be of great help to know whether the treatment is 

effective. Today, treating patients for relatively long intervals is common before response 

evaluation by imaging is performed. In the worst case, patients’ conditions might 

deteriorate due to treatment toxicity or disease progression, prohibiting switching to other, 

effective therapy. 

 

4. Evaluation of treatment tolerability – who are at risk for experiencing treatment 

toxicity? 

It is unclear why some patients experience severe toxicity from the same treatment that 

others tolerate. Identifying at-risk patients would further help select the most optimal 

treatment for the patient. 

 

5. Prognosis – predictions of the future 

Current prognostic and predictive factors cannot accurately estimate disease trajectories, 

such as disease-free survival after treatment response and total survival time. Improved 

prognostication would help clinicians decide the frequency of follow-up visits and would 

likely help patients and their families. 

 

Following the identification of who, it is also relevant to investigate how or why tumor 

development and treatment response differ between patients in order to support the 

classification and explore new strategies for cancer management. 

 

2.8 Candidate classification systems in NSCLC  

The development of effective EGFR TKIs began the era of biomarker-driven treatment of 

NSCLC [37]. One challenge with patient classification based on tissue markers is the 

limited available tumor tissue. Only a minority of lung cancer patients undergo surgery, 

and tissue samples are frequently obtained through biopsy and, in many cases, cytology. 

Thus, blood biomarkers emerged as an attractive alternative or a complementary source 
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of biomarkers for patient classification. Blood sampling is easy, virtually risk-free and 

opens up new possibilities, such as repeated sampling.  

The term “liquid biopsy” was introduced in 2010 to describe the collection and 

analysis of circulating tumor cells (CTC) [94]. CTCs originate in the tumor and theoretically 

provide insight into the genomic, proteomic, and transcriptomic landscape. Moreover, 

detecting CTCs in the blood was shown to be a negative prognostic factor in itself. A 

considerable challenge for CTC analysis is the low count in blood, especially for early-stage 

cancer, and the definition of a CTC-elevated sample is ≥ 5 CTCs/7.5 mL whole blood. 

Furthermore, the blood must be processed soon after sampling to avoid cell lysis of the 

few CTCs that were collected [95]. Now, the liquid biopsy concept includes many different 

circulating molecules, and several of these are under investigation for a role in the 

management of NSCLC (Figure 6). Examples include different types of cell-free circulating 

nucleic acids, tumor-educated platelets, and extracellular vesicles. Additionally, saliva, 

urine, and pleural fluid are sources of these biomarkers [96].  

 

 
Figure 6: Examples of liquid biopsy components which are investigated for 

a role in NSCLC classification and management. Modified with permission 

from Palacín-Aliana et al. 2021 [97]. 

 

In addition to liquid biopsy, other candidate classification systems are under 

investigation, such as characterizing the tumor microenvironment and the microbiome, 

especially focusing on predicting response to immunotherapy [98]. New technology 

enables multimodal analysis of DNA, RNA, and protein expression at a much higher 

resolution than before, even in morphologically intact tissue, which may identify new 

tumor traits associated with specific patient outcomes [99]. This is a rapidly evolving field, 

especially with the improvement and availability of artificially intelligent software for image 

analysis.  
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2.9 Circulating tumor DNA (ctDNA) 

2.9.1 Discovery  

In the 1960-70s, Stroun and Anker performed experiments indicating that eukaryotic cells 

actively secreted DNA to the medium. The suggestion that cfDNA existed was so 

controversial that the researchers were accused of not performing “real science” and had 

trouble receiving funding (reviewed in [100]). However, more evidence of cfDNA came to 

light, and its relevance in oncology was introduced when Leon et al. in 1977 showed that 

the cfDNA level was higher in the blood of cancer patients than in healthy individuals 

[101]. In the following decades, Stroun, Anker, and their collaborators demonstrated that 

cancer patients had tumor-derived cfDNA in the blood and that it harbored tumor-specific 

mutations, thus defining the cfDNA fraction circulating tumor DNA – ctDNA [100]. 

2.9.2 Characteristics of ctDNA 

ctDNA is believed to originate from dying cells, based on the most abundant fragment size 

of 143 bp [102]. This length equals DNA wrapped around a nucleosome, thus protected 

from DNase digestion during apoptosis. Fragmented ctDNA is released into the circulation, 

where it exists in several forms with a short half-life of 0.5-2 hr. Contrary to how it is 

depicted in illustrations, ctDNA is probably rarely circulating in the form of naked DNA 

since it would be degraded by blood DNases and trigger the immune system. ctDNA is 

likely protected by protein complexes or associated with various types of vesicles [100]. 

Most ctDNA extraction protocols disrupt vesicles and protein complexes, and consequently, 

all cfDNA is extracted together, and information on its circulating form is lost. 

A major challenge in the analysis of ctDNA is that it comprises a very small fraction 

of the total cfDNA. The ctDNA fraction is commonly measured by the mutant allele 

frequency (MAF, sometimes termed variant allele frequency, VAF), which is the percentage 

of haploid DNA genomes with a given mutation. Abbosh et al. observed that a tumor of 

10 cm3, equivalent to stage T1c, corresponded to a 0.1% MAF (Figure 7) [103]. The 

authors estimated that a tumor of 1 cm3 would correspond to a 0.008% MAF. 

Consequently, 12,500 unique cfDNA genomes (haploid genome equivalents, hGEs) must 

be analyzed to detect one mutated ctDNA hGE. This is a challenge even with ultrasensitive 

detection methods since 4 mL of plasma from a 10 mL blood draw contain, on average, 

6000 hGEs [104]. 
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Figure 7: Illustrates the correlation between tumor volume and expected MAF of a ctDNA 

mutation and how this corresponds to the T-stage according to TNM version 8. Reused with 

permission from Abbosh et al. 2018 [103]. 
 

Even a sample with enough hGEs poses a challenge because the true ctDNA 

mutation could be difficult to distinguish from technical noise and non-tumor-relevant 

variants. Examples are mutations that arise in hematopoietic stem cell differentiation 

(clonal hematopoiesis of indeterminant potential, CHIP) [105], spontaneous changes in 

DNA post blood draw such, or artifactual mutations that arise during DNA preparation for 

analysis. 

2.9.3 Analysis of ctDNA 

There are two main approaches for identifying ctDNA; tumor-informed and tumor-naïve, 

distinguished by whether analysis of matching tumor DNA is included (Figure 8). Tumor-

informed approaches typically involve analysis of a wide range of genes in tumor DNA by 

NGS, and the mutation profile is then exploited in one of two ways. The first option is to 

analyze a pre-defined set of genes in cfDNA (commonly by NGS) and then use the tumor 

mutation list to identify ctDNA mutations (Figure 8A). This approach allows parallel 

analysis of tumor DNA and cfDNA and equal, standardized treatment of all patient samples. 

Alternatively, the tumor mutation profile is used to select regions cfDNA analysis (Figure 

8B), either by designing customized NGS panels [106,107] or using single-gene detection 

methods such as droplet digital polymerase chain reaction (ddPCR)[108]. This approach 

has a longer turnaround time but enables higher coverage (i.e., deep sequencing) in a 

limited region and, thus, highly sensitive analysis.  
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Figure 8: (A) A tumor-informed approach, in which cfDNA is analyzed by a broad NGS panel and data 

interpretation is guided by the matching tumor mutation profile. (B) An alternative tumor-informed 

approach, in which the tumor mutation profile is used to select specific regions in cfDNA for analysis, i.e., a 

customized approach. This approach may be more sensitive due to the lower number of analyzed genomic 

positions, allowing “deeper” NGS. (C) A tumor-naïve approach, in which ctDNA is analyzed without 

information from the matching tumor and requires sophisticated software for error correction and filtering 

non-tumor relevant mutations.  

 

Tumor-naïve cfDNA analysis requires sophisticated bioinformatic analysis for 

distinguishing biological variants from technical errors and true tumor mutations from 

CHIP or other non-tumor related mutations (Figure 8C). Optionally, matching white blood 

cells can be analyzed by equally deep sequencing to exclude CHIP mutations. In 2014, the 

CAncer Personalized Profiling by deep sequencing (CAPP-Seq) method was described by 

Newman et al. which was optimized for NGS library preparation of cfDNA and targeted 

~125 kb in 139 genes, theoretically covering 96% of patients with ADC or SCC [109]. The 

sensitivity of CAPP-seq for ctDNA detection in NSCLC patients (n=13) was 85%, and 93% 

in a subsequent study of 40 stage I-III NSCLC patients [110]. Another tumor-naïve 

method was described by Phallen et al. in 2017, called Targeted Error Correction 

sequencing (TEC-Seq), which involved the removal of duplicate sequences and filtering 

sequencing artifacts and CHIP mutations [111], and showed ctDNA detection in 45-83% 

of stage I-IV NSCLC patients (n=71).  

These studies, in combination with the results from the TRACERx study detecting 

ctDNA in 48% of operable NSCLC patients, reported encouraging results that ctDNA 

detection was feasible in early-stage NSCLC patients [106]. In addition, they 

demonstrated the need to apply highly sensitive detection methods, and ctDNA still did 

not seem to be detectable in all patients.  

2.9.4 Clinical and research applications 

The optimal analysis approach and analytical sensitivity requirement depends on the 

application setting. The sensitivity is often measured as the lowest detectable MAF and 

termed limit of detection (LOD), and applications in early-stage cancer usually require 

higher sensitivity (i.e., lower LOD) than in the setting of advanced disease (Figure 9). 

Currently, ctDNA analysis is approved to guide targeted therapy in advanced stage NSCLC. 

Since the MAF generally increases with tumor volume, the likelihood of ctDNA detection is 
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higher in samples from patients with advanced disease, and most translational studies on 

ctDNA focused on advanced cancer patients due to the lack of sufficiently sensitive 

technology. These patients also comprise the majority.  

 

 
Figure 9: Illustration of different cfDNA analysis applications throughout the disease development. The Y-axis 

estimates the MAF in the different settings and illustrates the varying requirement in assay LOD. Reused with 

permission from Pascual et al., 2022 [112]. 
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3 The rationale for the project 
 

It is reasonable to believe that there may be a difference in tumor behavior between ctDNA 

“shedders” and “non-shedders”, and that the amount of ctDNA in plasma may be a 

surrogate marker for tumor volume, turn-over rate, or aggressiveness [106]. In this 

setting, pre-treatment ctDNA detection is a potential prognostic marker that could 

contribute to an improved classification of NSCLC patients. Most studies on ctDNA have 

included patients with advanced NSCLC, and it is not clear whether ctDNA analysis 

provides prognostic information in early-stage NSCLC patients who receive potentially 

curative treatment. Furthermore, we do not know whether such analyses provide 

information independent of established prognostic factors in these patients.  

 The technical challenges of ctDNA analysis are more prominent in the early-stage 

setting than advanced stage due to the limitations as mentioned earlier in both the 

absolute and relative quantity of ctDNA in a blood sample. The best strategies for ctDNA 

analysis and identification that are sensitive, specific, applicable for patients with various 

mutations, and additionally feasible to implement in routine diagnostics remain to be 

defined. 

   

 

4 Aims and research questions 
 

To investigate the potential of ctDNA as a biomarker for the classification of NSCLC, we 

aimed to: 

• Find an approach for ctDNA detection that is sensitive, specific, and applicable for all 

NSCLC patients while simple enough to be implemented in routine diagnostics. 

• Investigate whether ctDNA detection provides prognostic information in patients with 

early-stage NSCLC. 

• Investigate whether ctDNA analysis provides more prognostic information than 

established diagnostic procedures. 
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4.1 Research questions paper I  

Theoretically, increasing the NGS gene panel size increases the likelihood of detecting 

ctDNA mutations in most patients. 

• Is it feasible to analyze ctDNA using a commercially available large NGS panel and 

bioinformatic analysis software? 

• Is genotyping of matching tumor DNA and leucocyte DNA necessary to interpret cfDNA 

NGS data? 

4.2 Research questions paper II  

Tissue genotyping relies on DNA extracted from routinely obtained FFPE tissue, varying in 

quality and quantity.  

• Does quality assessment of individual FFPE DNA samples provide helpful information 

in NGS data interpretation? 

4.3 Research questions paper III 

• Is it feasible to apply customized NGS panels for ctDNA detection? 

• Is ctDNA detection associated with progression-free survival (PFS) and overall survival 

(OS) in NSCLC patients?  

4.4 Research questions paper IV 

Both ctDNA detection and assessment of tumor metabolism by 18F-FDG PET/CT seem to 

provide information on tumor aggressiveness.  

• Is ctDNA quantity/detectability associated with tumor metabolic activity in early-stage 

NSCLC patients? 

• Do ctDNA analysis and routinely performed 18F-FDG PET/CT provide independent 

prognostic information for these patients? 
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5 Material and methods 

5.1 Patient selection 

The patient selection criteria for the current project were having confirmed NSCLC with an 

available tumor tissue sample and a plasma sample drawn before treatment. This project 

overlapped in time with another PhD project in which we screened ADC tumor specimens 

for a mutation in KRAS (Figure 10). KRAS negative patients were included in the current 

project, and a handful of patients with non-ADC originally registered as ADCs. Patients 

underwent diagnostic workups, received treatment, and were followed according to 

national Norwegian guidelines and local routines. 

 

 
Figure 10: The patient selection for the different cohorts. 

There was an overlap of nine patients between the study of 

Wahl et al. [113] and Paper III since these samples were used 

in method validation.  
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5.2 Ethics 

Biological material and clinical data were obtained from the Norwegian Lung Cancer 

Biobank, a regional biobank organized through Biobank 1. Per 01. January 2019, the 

biobank included 852 patients with all subtypes and stages of lung cancer.  

The biobank was approved by the Central Norway Regional Committee for Medical 

and Health Research Ethics (approval ID: 2015/356), the Ministry of Health and Care 

Services, and the Norwegian Data Protection Authority. The research was conducted in 

accordance with the Helsinki Declaration. Patients above 18 years old with suspected lung 

cancer referred to St. Olavs Hospital, Trondheim University Hospital are invited to sign a 

broad consent for participation in the regional biobank. Participation involves an extra 

blood draw at inclusion and a blood draw at each follow up visit. Any results obtained are 

solely for research purposes and do not influence the patient’s treatment. The consent 

also allows the use of diagnostic tissue samples and grants access to the patient’s medical 

records.  

5.3 Statistical considerations 

In this exploratory project, we analyzed a convenient number of samples, limited in 

number by what was reasonable to analyze given access to lab, resources, and funding. 

Thus, no further sample size was calculated. However, the size is within the range of 

similar studies and believed to be sufficient for establishing a pipeline for later, more 

extensive ctDNA research projects. 

PFS was defined as the time from lung cancer diagnosis until progression or death 

of any cause. OS was defined as the time from diagnosis until death of any cause. The 

median follow-up times for PFS and OS were estimated using the reverse Kaplan–Meier 

method, and the median PFS and OS was estimated using the Kaplan-Meier method. 

Survival analyses were performed using Cox proportional hazard models. The 

multivariable model was adjusted for sex, age, PS, and disease stage. The threshold for 

statistical significance was set at 0.05. All statistical analyses were performed using R 

Studio [114]. 

5.4 Data collection 

Comprehensive clinical data were collected from patients’ hospital medical records and 

validated by trained healthcare personnel. The disease stage was classified according to 

TNM version 8 [61], and disease progression was defined according to the RECIST criteria 

[115]. The histopathological classification was evaluated by a trained lung cancer 

pathologist (Sissel Gyrid Freim Wahl). 
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5.5 Tumor specimens 

Diagnostic tumor tissue and histological sections utilized in this project were stored and 

handled by the Department of Pathology at St. Olavs Hospital. The material comprised a 

combination of resected tumors, biopsies obtained through different techniques, and 

cytological specimens, all retrieved by routine diagnostic procedures. Per routine at the 

department, tumor tissue was treated with a 4% phosphate-buffered formaldehyde 

solution before the preparation of FFPE blocks. The pathologist assessed all specimens 

before inclusion and instructed which FFPE block and frequently which tissue region of the 

block should be selected for DNA extraction to maximize the tumor cell-ratio. Tissue 

sections of 10 µm were made using a microtome followed by DNA extraction. 
 

5.6 18F-FDG PET/CT  

18F-FDG PET/CT was not available at our hospital until autumn 2013. Thus, patients 

underwent 18F-FDG PET/CT at three different hospitals: Haukeland University Hospital, 

Bergen (n=3), Oslo University Hospital, Oslo (n=9), and St. Olavs Hospital (n=51). All 

hospitals used scanners from Siemens Healthcare (Erlangen, Germany). The European 

Association of Nuclear Medicine (EANM) granted an EANM Research Ltd. 18F-FDG PET/CT 

accreditation in September 2015 for the 18FDG PET/CT scanner at St. Olavs Hospital. The 

accreditation status for the other centers between 2011-13 is unknown. 

Image reconstruction was performed with iterative reconstruction, point-spread-

function (PSF), decay-, attenuation-, and scatter-correction. Time-of-flight was used when 

available. Different matrix sizes were applied at different sites. All examinations were done 

following the EANM procedure guidelines for tumor imaging version 2.0 [116]. Patients 

fasted at least four hours (median 14h) before 4 MBq 18F-FDG/kg were administered. Blood 

glucose level was 4.4-9.5 mmol/L (median 5.6 mmol/L), and the interval between 18F-FDG 

administration and the start of the acquisition was 51-159 minutes (median 60 minutes). 

A low-dose CT for attenuation correction and anatomical localization was done in the same 

session. 

Datasets were transferred from the hospital’s picture archiving and communication 

systems and reprocessed using standard clinical software (AW Server 3.2 Ext. 3.0, General 

Electric Company) by a nuclear medicine physician (Håkon Johansen). The physician was 

blinded for the ctDNA data but not the previous 18F-FDG PET/CT reports. A 3D isocontour 

model with a threshold of standardized uptake value (SUV) of 2.5 was used when 

computing metabolic tumor volume (MTV) and tumor lesion glycolysis (TLG) (=product of 

MTV and SUVmean). MTV and TLG were calculated manually in separate sessions for each 

lesion when the 18F-FDG uptake conflated. The highest value of SUVmax in any lesion was 
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used for each patient. For both MTV and TLG, the sum of all lesions was used for statistical 

analyses. The raw PET data were unavailable and thus, the original AC-PET reconstructions 

were used to assess MTV and TLG. 

5.7 Plasma samples 

Plasma was prepared from a 10 mL blood sample within two hours after the blood draw. 

Samples included before 2016 were centrifuged once at 2500x g for 10 min. After 2016, 

samples were centrifuged twice, 1500x g for 15 min and at 10,000x g for 10 min. Plasma 

was transferred to cryotubes and stored at -80 °C until DNA extraction using QIAamp 

Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany). 

5.8 Next-generation sequencing (NGS) 

The specific process of DNA preparation into an NGS library varies between protocols, but 

the goal is to create short nucleotide fragments (<400 bp) with a genetic sequence of 

interest flanked by synthetic nucleotide sequences. In targeted NGS, the NGS gene panel 

defines which genes and regions are selected, and there are two main approaches for this 

selection. Amplicon-based targeted NGS utilizes polymerase chain reaction (PCR) with 

target-specific primers, while hybrid-capture-based NGS utilizes target-specific probes 

which hybridize to DNA and enable extraction of the probe-DNA complex.  

The synthetic sequences genomic sequence, known as adapters, include a unique 

sample index, sequences that are used during the preparation and sequencing, and 

optionally a unique molecular index (UMI). UMIs are short (~12 bp) random nucleotide 

sequences added to each original DNA fragment and used in the data analysis to identify 

duplicate reads with the same UMI [117]. This project involved targeted amplicon NGS 

using the QIAseq Human Targeted DNA Panels (Qiagen, Hilden, Germany), including UMIs 

(Figure 11). 
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Figure 11: Illustration of the QIAseq Targeted 

DNA Panels workflow utilized in this project. 

Source [118]. 

 

In Illumina sequencing, which was applied in this project, the NGS libraries 

prepared from different samples are added to a “flowcell”, a flat surface with a lawn of 

oligonucleotides that bind the NGS library fragments via their adapter. Each fragment then 

gives rise to millions of identical fragments by PCR to create a cluster that produces a 

strong enough signal during the sequencing. The nucleotide sequence of each fragment 

(cluster) is obtained by synthesizing the complementary strands and registering which 

nucleotide is incorporated based on the fluorescence emitted upon incorporation [119].  

The nucleotide sequence generated from the clusters are called “reads” and are 

sorted into separate files based on the sample index in the adapter sequence. These FASTQ 

files are the basis for variant detection, and this project utilized the software CLC Genomics 

Workbench (Qiagen, Hilden, Germany) for this purpose. In brief, all reads with the same 

UMI (i.e., UMI families) were collapsed into consensus UMI reads since any discrepancies 

in a UMI family are believed to be technical artifacts. The UMI reads were then aligned to 

the human reference genome (version 37). The number of raw reads that align to a specific 

genomic position is known as the “read coverage” of that position. In contrast, the number 

of UMI families that cover a position is known as the “UMI coverage” or “unique coverage” 

and reflects the number of hGEs analyzed. Further analysis was restricted to the target 
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regions defined by the NGS panel. A list of discrepant variants was subjected to quality 

filtering that finally gave a list of “called” variants.  

5.9 Funding 

This Ph.D. project was funded by The Liaison Committee for Education, Research, and 

Innovation in Central Norway (2018/42794) and the Cancer Foundation at St. Olavs 

Hospital. The funding bodies had no role in the project beyond providing financial support. 
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6 Summary of results  

6.1 Paper I 

In total, 30 patients were included, of which most (97 %) had stage I-III disease, 50% 

had ADC, 43% had SCC and 6% had other NSCLC diagnoses. Tumor DNA, leucocyte DNA, 

and cfDNA were sequenced using the QIAseq Targeted Human Comprehensive Cancer 

Panel targeting ~800 kb in 275 genes commonly mutated in cancer. The mean unique 

coverage within the target region was 743´ (225´-1643´) in tumor DNA, 207´ (63´-443´) 

in cfDNA, and 493´ (209´-1061´) in leucocyte DNA. Variants were reported by the 

bioinformatic software in all samples.  

Since the main goal was to investigate how many patients had common mutations 

likely related to their cancer in tumor DNA and cfDNA, a key aspect was to distinguish 

those true tumor mutations from the myriad reported variants. We considered tumor DNA 

the gold standard and classified a variant as a “tumor mutation” if it was not found in the 

matching leucocyte DNA and was confirmed or predicted to be pathogenic. This resulted 

in 0-12 detected mutations per tumor sample. At least one mutation was detected in 97 

% of patients (29/30) compared to a 63-78% detection rate in studies using smaller NGS 

panels (<60 genes) [120,121].  

The tumor mutations were compared to the variants reported in the matching 

cfDNA samples (Figure 12). In two cases, 5/5 and 9/10 tumor mutations were identified 

in the matching cfDNA with mean MAFs 8.6% and 5.4%, respectively. In 27/29 patients, 

no tumor DNA mutations were identified in cfDNA, and, notably, no lung cancer-specific 

pathogenic mutations were identified in cfDNA alone. We then manually inspected the 

cfDNA UMI reads and identified at least one matching tumor mutation in 13 patients with 

a mean MAF of 1.9%. All 13 patients had additional tumor DNA mutations not identified 

in the matching cfDNA.  

 

 

Concordant mutations detected with help from tumor DNA mutation spectrum
4 18 2 5 6* 7 10 11 12 13 15 16 17 21 25 1 3 8 9 14 19 20 22 23 24 26 27 28 29 30

NA NA

4 10 4 5 5 8 10 7 2 4 4 5 5 15 6 0 1 7 4 1 1 2 4 5 5 3 5 4 4 1
9

3 5 1 3 1 2 1 3 1 1 1 1 2 2 1
1 3 1 1

1  

Sex Smoking history NSCLC subtype Clinical stage Necrotic tumor Allele frequency of cfDNA mutation
Female Smoker/former smoker Adenocarcinoma I Yes > 0 - 1.0 %
Male Never smoker Squamous cell carcinoma II No > 1.0 - 5.0 %

Adenosquamous carcinoma III NA Not possible to evaluate > 5.0 - 10.0 %
NSCLC-NOS IV > 10.0 %

No concordant mutations detected

Number of mutations detected in tumor DNA

Number of tumor mutations detected in cfDNA

Concordant 
mutations called by 
the bioinformatic 

workflow
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Figure 12: Summary of patient characteristics and concordance between tumor DNA and matched cfDNA sequencing. ctDNA 

mutations were readily detected in two patients (left) and in additional 13 patients by tumor-guided analysis. No tumor mutations 

were detected in ctDNA from the remaining 15 patients. Reused with permission from Ottestad et al, 2019 [122]. 

 

This study demonstrated that applying a commercially available comprehensive 

NGS panel and bioinformatic workflow was feasible to detect cancer-relevant mutations in 

tumor DNA and cfDNA from NSCLC patients. This was relevant because it showed that 

mutation analysis was available without specialized expertise in NGS panel design or 

bioinformatics. Further, it showed that using a large NGS panel sequencing was 

advantageous to ensure the detection of at least one tumor DNA mutation but 

disadvantageous for cfDNA analysis since there is a trade-off between panel size, cost per 

sample, and analytic sensitivity. Our conclusion from this study was that the most effective 

is to use a large NGS panel to ensure the detection of tumor DNA mutations, and then 

apply a focused NGS panel in an analysis of the matching cfDNA to maximize the analytic 

sensitivity.  
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6.2 Paper II 

The DNA quality was evaluated in 116 DNA samples extracted from diagnostic FFPE tumor 

tissue from NSCLC patients using a qPCR assay. The number of hGEs with an intact 300 

bp region in the gene FCGR3b was estimated relative to a sample of high-quality DNA 

extracted from leucocytes. As expected, most samples (72%) were over ten times more 

fragmented than leucocyte DNA, meaning that 100 ng of leucocyte DNA and 100 ng of 10-

fold fragmented FFPE-derived DNA contain 100 ng and 10 ng “amplifiable” DNA, 

respectively, which may serve as a template for NGS library preparation. 

There was a stronger relationship between amplifiable input DNA amount and NGS 

library quality than between ng DNA input and NSG library quality. In general, a higher 

amount of amplifiable DNA gave higher unique coverage (Figure 13) and fewer duplicates 

per UMI family. Such high-quality libraries are considered more complex and give higher 

analytic sensitivity since more unique genomes are sequenced.  

High-quality DNA samples were expected to give high-quality NGS libraries, and a 

simple solution is to use more input DNA to increase the amplifiable amount. Since the 

available patient material largely dicates the DNA amount and quality, we rather aimed to 

demonstrate the advantage of assessing the DNA quality. The qPCR assay applied in this 

study did not add considerable cost, time, or sample loss, considering the value gained 

from the assay. Since there was a relationship between amplifiable DNA and unique 

coverage, it is possible to omit the quality control if UMIs are used. However, many 

diagnostic NGS library preparation protocols do not incorporate UMIs, and two samples 

made from 100 ng and 10 ng amplifiable DNA may seem equally complex. In this setting, 

input DNA quality control is even more important.  

 

 

  
Figure 13: Mean unique coverage for each of the 116 libraries versus (A) the number of input DNA measured by fluorometry and (B) 

the amount of amplifiable hGE templates measured by qPCR. All reads passing the quality filters were analyzed, and the color shows the 

number of reads analyzed in each sample. In figure A, the point size increases with increasing fragmentation degree of the input DNA. 

Reused with permission from Ottestad et al, 2022 [123]. 
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6.3 Paper III 

The first aim of this study was to test a customized, tumor-informed NGS approach for 

sequencing only the region(s) in cfDNA where a mutation was identified in the matching 

tumor DNA. The approach was tested by constructing four DNA solutions from FFPE-

derived DNA and leucocyte DNA with a MAF of KRAS G12C mutation between 0.0016 % 

and 1.15 %. The mutation was detected in the solutions with MAFs 1.15 %, 0.17 %, and 

0.016 % (Figure 14A). The results were confirmed by ddPCR, which additionally detected 

the mutation in the solution with the lowest MAF. Similarly, concordance was observed 

between the two approaches in 8/9 patient cfDNA samples. In one patient, the mutation 

was detected by NGS only with a MAF of 1.7% (Figure 14B).  

 

  
Figure 14: (A) Four DNA solutions were constructed to mimic cfDNA with KRAS G12C mutation with MAF 

1.15%, 0.17%, 0.016%, and 0.0016%. Each solution was analyzed in duplicates. The horizontal line 

represents the theoretical MAF. The mutation was detected by ddPCR only in the solution with MAF 0.0016%. 

(B) MAF of KRAS codon 12 mutations in nine patient cfDNA samples analyzed by both NGS and ddPCR. The 

mutation was detected in five samples and undetected by both technologies in four samples. Note that the R2 

was incorrect in the published version of the article. cfDNA: circulating cell-free DNA, ddPCR: droplet digital 

polymerase chain reaction, NGS: next-generation sequencing, MAF: mutant allele frequency. Reused with 

permission from Ottestad et al, 2021 [124]. 
 

The customized NGS approach was then applied to cfDNA from 71 of 107 NSCLC 

patients, from which 1-3 mutations were identified in the matching tumor DNA by QIAseq 

Human Actionable Solid Tumor Panel (targeting 22 genes). Among the 71 patients, the 

median age was 68 years (range 48-86), 51% were female, and 88% were current or 

former smokers. A total of 91% had ADC, 4% had SCC, 1% had adenosquamous 

carcinoma, and 5% had NSCLC not otherwise specified. A total of 33% had stage I disease, 

8% stage II, 30% stage III, and 29% stage IV. 
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One mutation was targeted in 61 cfDNA samples and 2-3 mutations in ten samples. 

The median unique coverage in the cfDNA samples was 973´ (266´-5955´). Tumor 

mutation(s) were detected in cfDNA from 29 patients (41%) with median MAF 1.8% (0.05-

65.7%). ctDNA was in 4% of stage I patients, 29 % of stage II, 75% of stage III and 55% 

of stage IV. All tumor mutations were detected in 8/10 patients with >1 targeted mutation. 

Next, we investigated if ctDNA detectability was associated with disease 

development or survival. The median follow-up time for PFS was 88.7 months (95 % CI: 

45.2-105.9), and the median PFS was significantly shorter for patients with detectable 

ctDNA compared to those with undetectable ctDNA (9.6 months vs. 41.3 months, HR: 2.9, 

95% CI: 1.6-5.2, p<0.001, see Figure 15A). In the multivariable analysis, higher PS and 

disease stage, but not detectable ctDNA, were significant negative prognostic factors for 

PFS. The median follow-up time for OS was 65.6 months (95% CI 45.2-106.0). The median 

OS was significantly shorter for patients with detectable ctDNA than those without (13.6 

months vs. 115.0 months, HR: 4.0, 95% CI: 2.1-7.6, p<0.001, see Figure 15B). The 

multivariable analysis showed that detectable ctDNA, stage IV, and PS of 2 were 

significant, negative prognostic factors for OS. 

 

  
Figure 15: Kaplan-Meier plot for (A) progression-free survival and (B) overall survival. Note that the color 

legend was incorrect (opposite) in the published version of the article. CI: confidence interval, ctDNA: 

circulating tumor DNA, HR: hazard ratio. Reused with permission from Ottestad et al, 2021 [124]. 

 

  



 

 34 

6.4 Paper IV 

This study included patients with stage I-III NSCLC who had available 18F-FDG 

PET/CT scans and results from cfDNA analysis from paper III or Wahl et al. [113]. A total 

of 63 patients diagnosed between 2009 and 2018 met these inclusion criteria. The median 

age was 70, 60% were female and 94% were current or former smokers. Most patients 

(90%) had ADC, 3% had SCC, 5% had NSCLC not otherwise specified, and 2% had large 

cell neuroendocrine carcinoma. Twenty-eight patients (44%) had stage I disease, 12 

(19%) stage II, and 23 (37%) stage III. ctDNA was detected in 19 patients (30%), of 

which most (74%) had stage III.  

Patients with detectable ctDNA had significantly higher tumor glucose uptake, 

measured as MTV, TLG, and SUVmax (p<0.05). There was a correlation between the 

ctDNA quantity (highest MAF) and MTV (Spearman’s ρ=0.53, p=0.021) and TLG 

(Spearman’s ρ=0.53, p=0.021), but not SUVmax (Spearman’s ρ=0.34, p=0.15), see 

Figure 16. MTV (OR 1.03, 95% CI: 1.01-1.05, p=0.019) and TLG (OR 1.00, 95% CI: 1.00-

1.01, p=0.038), but not SUVmax (OR: 1.07, 95% CI: 0.98-1.20, p=0.19), were 

significantly associated with ctDNA detection independently of disease stage and histology.  

 

 
Figure 16: MTV, TLG, SUVmax, and the ctDNA quantity, measured as the highest variant allele frequency 

(i.e., MAF). TLG: total lesion glycolysis, MTV: metabolic tumor volume. SUVmax: maximum standardized 

uptake value  

 

The median follow-up time for PFS was 57.0 months (95% CI: 50.7-65.6). ctDNA 

detection and higher MTV, TLG, and SUVmax were significantly associated with worse PFS 

in univariable analyses, while none remained independently associated with PFS in 

multivariable analyses. The median follow-up time for OS was 57.0 months (95% CI: 50.7-

64.0). Multivariable analyses indicated that ctDNA detection was associated with worse 

OS independently of MTV (HR: 2.70, 95% CI: 1.07-6.82, p=0.035) and TLG (HR: 2.63, 

95% CI: 1.06-6.51, p=0.036), but not SUVmax (HR: 2.30, 95% CI: 0.977-5.42, 

p=0.056).  

MTV TLG SUVmax

Mutant allele frequency (%)
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Lastly, the results indicated a combined prognostic value of ctDNA analysis and 18F-

FDG PET/CT. Patients with detectable ctDNA and high (above median value) MTV, TLG or 

SUVmax had shorter PFS and OS (Figure 17) than those without detectable ctDNA, 

although the differences were not statistically significant.  

 

 
Figure 17: Kaplan-Meier plots showing OS for patients with MTV, TLG and SUVmax above the median value 

and split on ctDNA status. 
 

 

  

MTV TLG SUVmax

Number at risk Number at risk Number at risk

HR: 2.2, 95% CI: 0.8-6.2, p=0.15 HR: 2.2, 95% CI: 0.8-6.2, p=0.15 HR: 1.9, 95% CI: 0.7-5.4, p=0.20
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Not detected
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7 Discussion  
 

This project explored practical and methodological aspects of implementing ctDNA as a 

biomarker in translational lung cancer research. In paper I, we experienced the practical 

and analytical benefit of applying tumor-informed ctDNA analysis, and the approach was 

further optimized to a customized assay in paper III. Based on the results in paper II, we 

argue that DNA quality assessment of FFPE-derived DNA optimizes the analytical quality 

of individual samples. These methodological experiences affect our ongoing and planned 

research on patient material. Furthermore, paper III indicated that ctDNA detection was a 

negative prognostic factor, though most patients considered for curative treatment had 

undetectable ctDNA levels, questioning the cost-effectiveness of this analysis since 

established prognostic factors remain the most important. Lastly, in paper IV, we explored 

the relationship between ctDNA detection and tumor metabolic activity, and we believe 

these preliminary results encourage further research into this association and the 

biological mechanism of ctDNA release. 

7.1 Tumor-informed ctDNA analysis  

Tumor-informed interpretation of non-customized ctDNA sequencing data has been 

applied in other studies in addition to ours [125–127], and we report several benefits of 

this approach. First, the ctDNA detection rate in paper I increased from 10% to 52%, 

demonstrating increased detection sensitivity and that a tumor-informed approach can 

enable the utilization of data initially considered unreliable or uninformative. Tumor DNA 

genotyping enabled the exclusion of patients with no identifiable tumor mutation, which 

by a tumor-naïve approach would have resulted in false negative or potentially false 

positive results in cfDNA analysis. Chabon et al. showed that ctDNA was detectable in 

10/17 initially negative cfDNA samples using tumor-naïve CAPP-seq when the number of 

targeted mutations was increased [125]. This underscores the difficulty of designing one 

optimal panel for all samples and supports the use of tumor-informed analysis.  

Secondly, the approach was time-saving in variant interpretation due to the high 

number of variants generated per sample. These properties are particularly beneficial for 

data obtained from large panel sequencing or NGS data from low quality or quantity cfDNA. 

Suboptimal sample material is a frequent issue in clinical research, and quality 

improvement is often outside the researchers’ control, particularly in prospective studies. 

 In contrast to broad panel NGS, customized NGS panels generate mostly clinically 

relevant data and potentially less data in total, thus requiring less time and computational 

resources in analysis. Furthermore, we showed in paper III that using a customized NGS 

approach achieved lower LOD at a lower cost per sample than when large a NGS panel 
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was used (mean unique coverage 1523´ vs. 207´, at ~¼ of the cost). Customized NGS 

has been successfully applied in several other studies [106,126,128,129]. Similar to our 

study, McDonald et al. used ddPCR to validate the MAF reported by the customized NGS 

assay [130]. In contrast to our panels which targeted a median 1 mutation, the median 

number of targets in other studies ranged from 18 to 200 mutations or 102-104 different 

loci, likely contributing to the higher ctDNA detection rates reported than our study, 

particularly in stage I-II patients (48-66% vs. 10% of our stage I/II patients) [106,128]. 

Several studies reported the benefit of targeting many mutations [106,126,129,130], and 

one study reported that targeting more than 50 mutations improved the sensitivity of 

samples with low cfDNA input, i.e., less than 20 ng [128]. The median cfDNA input in our 

study was 21 ng. Although increasing the number of mutations increases the likelihood of 

detecting at least one mutation in ctDNA, it does not change the likelihood of detecting 

one specific mutation, such as a targetable alteration. If anything, this likelihood is reduced 

at the expense of a broader NGS panel. Compared with the tumor-informed approach in 

paper I, the turnaround time is longer because tumor DNA and cfDNA are sequenced 

sequentially due to the need for individual NGS panel design. Which tumor-informed 

approach is most appropriate depends largely on the quantity of cfDNA, required LOD 

(often dependent on the clinical setting), maximum cost per sample, and available 

resources for data analysis. 

Other studies have applied tumor-naïve ctDNA analysis, commonly attempting to 

develop a tool for early cancer detection or detecting minimal residual disease [109–

111,125,131]. Studies that applied CAPP-seq or TEC-seq successfully detected low MAF 

mutations in ctDNA confirmed in the matching tumor DNA, in addition to mutations 

detected only in ctDNA [111,132]. When TEC-seq was applied, 18% of patients had ctDNA 

mutations that could not be confirmed in the patients’ tumor DNA, and the results indicated 

that tumor heterogeneity could be one cause of discordant mutations [111]. ctDNA was 

detected in 45-83% of NSCLC patients, depending on the disease stage, which is similar 

to what is reported in tumor-informed studies [128]. In contrast, another study detected 

ctDNA mutations in 93% of stage I-III NSCLC patients, a higher rate than in any other 

study, and did not include matching tumor DNA for confirmation [110]. A recent study 

using the CAPP-seq panel demonstrated that most ctDNA mutations in NSCLC patients 

were patient-specific CHIP mutations [125], and the authors further developed a machine 

learning model using tumor-naïve CAPP-seq in combination with analysis of cfDNA 

fragment length and mutation profile to identify true ctDNA mutations. This approach 

showed similar sensitivity to tumor-informed ctDNA analyses with ctDNA detection rate of 

~30-90% in stage I-IV NSCLC. Another recent study combined tumor-naïve cfDNA 

sequencing with protein analysis for early cancer detection and identification of the organ 
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or origin [131]. This “cancerSEEK” method correctly classified ~60% of stage I-III NSCLC 

patients. 

Since these approaches are independent of tumor DNA analysis, the turnaround 

time is shorter, and the analyses apply to all NSCLC patients in almost any setting since 

the only requirement is a blood draw. However, the risk of false positive results seems 

high without additional supporting information. Although CHIP mutations may be removed 

by equally deep sequencing of white blood cells, sophisticated bioinformatic software is 

still needed to remove technical artifacts. A study comparing tumor-informed and tumor-

naïve approaches in the same cfDNA samples demonstrated inferior sensitivity of tumor-

naïve approaches in samples with low ctDNA fraction, which usually was the case in 

samples from early-stage patients [133]. 

 

It is well established that FFPE-derived DNA is fragmented in varying degree and contain 

unpredictable amounts of amplifiable DNA [134,135]. Previous studies have applied 

various methods, including qPCR used in our study, to assess the quality of FFPE-derived 

DNA destined for NGS (reviewed by [136]). The main result from this study was the 

positive association between the amount of amplifiable input DNA and the NGS quality, 

measured by the mean unique coverage. In contrast, one study concluded that high read 

coverage in NGS could be achieved regardless of whether input DNA was determined based 

on methods that estimate the amplifiable DNA amount or measure DNA in nanograms 

[137]. However, we believe that read coverage is not a suitable NGS quality metric since 

two samples can have comparable mean read coverage while considerably different mean 

unique coverage and, thereby, different LOD in variant detection, as demonstrated in our 

study. A recent study confirmed our results, and few other studies have described the 

association between DNA input and unique coverage, possibly because the use of UMI is 

a relatively new invention, and many protocols still do not utilize it [138]. 

NGS library protocols more frequently recommend evaluating the amount of 

amplifiable DNA, possibly since NGS is more often used in routine clinical practice. Large 

companies offering NGS panels, such as Illumina and Qiagen, offer accompanying qPCR 

quality assessment assays and recommend excluding low-quality samples from NGS. 

Rather than excluding samples, we argue that quality assessment enables individual 

sample adjustment. McNulty et al. used unfragmented DNA to systematically demonstrate 

that adding more input DNA generates higher mean unique coverage [138]. Our study 

confirms this and also demonstrates that the amount of amplifiable DNA is more important 

than the amount of DNA in nanograms when adjusting the input amount from FFPE tissue. 

As previously mentioned, tumor samples are often small, and increasing the amount of 

input DNA is not always possible. Nevertheless, small samples might still provide sufficient 

hGEs for detecting mutations with confidence if the DNA quality or tumor cell ratio is high. 
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However, a negative result when analyzing small samples is more difficult to interpret, 

and collecting a re-biopsy is optimal but not always feasible.  

The risk of false negative and false positive results may be reduced by such quality 

assessment through a more accurate estimation of the individual sample LOD. The results 

further suggest that it may be sufficient to estimate the LOD by either applying quality 

assessment of input DNA or incorporating UMIs. Several NGS panels used in diagnostic 

laboratories do not include UMIs, probably because it requires additional, time-consuming 

data processing. Routinely implementing a qPCR assay might be faster and cheaper than 

establishing a different NGS panel and analysis pipeline. That said, UMIs also enable error 

correction, which is an advantage in detecting low MAF variants, or identifying artifacts in 

poor-quality samples where such variants may arise above the MAF threshold. The 

combination of quality assessment of crude DNA and incorporation of UMIs enables 

individual sample adjustment of input DNA, technical error correction, and accurate 

estimation of sample LOD. 

Some conditions of FFPE tissue preparation and DNA extractions may be optimized 

to reduce the extent of DNA fragmentation [139]. It is essential to limit the time until 

fixation and incubation time as much as possible since the DNA damage occurs in a time-

dependent manner in these steps. Large specimens should be cut into smaller pieces 

before fixation, and the incubation time should be adjusted according to the tissue size 

since small biopsies are more vulnerable to over-fixation. Optimal fixation temperature, 

formalin concentration, and including a heating step during DNA extraction also positively 

affect the DNA quality. Other factors, such as increased perioperative ischemic time and 

storage time, also decrease the DNA quality but may be more challenging to control. An 

alternative to FFPE tissue is to obtain fresh frozen tissue since it is not exposed to formalin. 

However, this material is not optimal for detailed histopathological assessment or IHC. 

Thus, FFPE biopsies still have to be collected and currently, it may be practically 

challenging to acquire an additional biopsy for freezing. Additionally, the valuable 

combination of the pathologist’s assessment and mutation profile will be lost if the second 

biopsy is obtained from another tumor region. Furthermore, storing fresh frozen tissue 

requires considerably more space, electricity, and safety measures due to the severe 

consequences of a power outage. 

ctDNA is also fragmented, and the bulk of cfDNA is shorter than most FFPE-derived 

DNA samples [102]. A notable difference is that cfDNA fragmentation occurs in vivo and 

is difficult to prevent. Individual quality assessment of cfDNA samples is not equally 

relevant because the quality is relatively even among samples. Further, the input amount 

of cfDNA for NGS library preparation would likely be maximized in most cases regardless 

of the quality due to limited cfDNA available. Lastly, most cfDNA NGS protocols include 

UMIs. Importantly, there has been much development in NGS library preparation 
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chemistry which has improved the preparation from short fragments from FFPE-derived 

DNA and cfDNA. 

7.2 Pre-treatment ctDNA detection as a prognostic factor in 

NSCLC 

Patients with detectable ctDNA in paper III (41%) had significantly shorter OS than 

patients without detectable ctDNA, which is in line with the findings in other studies on 

early-stage NSCLC [113,128,140] and advanced NSCLC [141] (Table 2). A recent 

publication from the TRACERx study, including 197 operable NSCLC patients, showed that 

ctDNA detection was a negative prognostic factor for both PFS and OS in ADC but not in 

non-ADC patients [106]. In ADC patients, ctDNA detection was associated with clinically 

occult lymph node disease and the development of extrathoracic metastasis. Similarly, 

another large study (n=330) on early-stage NSCLC found that ctDNA detection was a 

negative prognostic factor in ADCs only [121]. The authors suggest that ctDNA release 

reflects micrometastatic disease in ADC and may be a more passive result of necrosis in 

SCC. Other studies have confirmed that the ctDNA detection rate is higher in SCC than 

ADC, which could be explained by SCC generally having a higher number of mutations, a 

higher rate of clonal mutations, or because the mutation profile and, thus, the molecular 

biology differ [106,142]. Abbosh et al. did not find a difference in tumor purity or clonality 

between ADC shedders and non-shedders [128].  

Two studies on early-stage NSCLC found no significant association between pre-

treatment ctDNA detection and OS, but there were substantial methodological differences. 

The first one was the abovementioned study which detected ctDNA in 95% of stage I-III 

patients using a tumor-naïve approach [99]. It is reasonable to assume that the detection 

rate reflects patient selection and methodology differences, which might influence the 

overall results. The second study investigated the ctDNA level, rather than ctDNA detection 

as a categorical factor, and found no significant association with OS [125]. It is possible 

that the difference in tumor behavior between non-shedders and shedders represents a 

categorical shift in biology, and that there is another mechanism which explains the 

different ctDNA level in the blood.  

ctDNA detection alone was associated with shorter PFS in our study. A study on 

advanced NSCLC patients did not find any significant association with PFS [143], in 

contrast to studies on early-stage NSCLC [113,125,127,128,140], including two 

prospective observational studies. These studies analyzed the largest cohorts and were 

designed to study minimal residual disease and, thus, involved systematic evaluation of 

treatment relapse. The PFS calculation may be influenced by differences in CT intervals, 
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definition of relapse, cancer treatment, and since the association was not independent of 

other patient characteristics in our cohort, possibly by differences in the patient selection. 

It is complicated to compare studies investigating associations between ctDNA 

detection and treatment outcomes since patient cohorts are not directly comparable, for 

example, concerning disease stage distribution and histological subgroups. Although these 

characteristics are commonly included in multivariable analyses, these analyses only 

answer whether ctDNA detection is a prognostic factor independently of the 

characteristics. Subgroup analyses are needed to explore the role of ctDNA analysis within 

specific patient groups, as was indicated for ADC [127,128], and such studies require 

rather large cohorts. Another issue is the variation in the ctDNA detection approach 

(tumor-informed vs. tumor-naïve, number of mutations included), assay LOD and 

individual sample LOD, which is not readily comparable, and many studies do not clearly 

describe these metrics. It does not matter if an assay can detect one mutated genome in 

a million if only 1000 genomes are sequenced. Chabon et al. showed that patients with 

undetectable ctDNA had higher sample LOD than those with detectable ctDNA, likely not 

unique to this study [125].  
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In agreement with our results, others have shown a correlation between ctDNA level and 

MTV/TLG in patients with early-stage [110,125] and advanced stage NSCLC 

[141,144,145]. One study additionally confirmed our finding that MTV predicted ctDNA 

detection independently of the disease stage in stage I-III NSCLC (n=85), indicating that 

MTV provides more information than only tumor volume [125]. ctDNA level did not 

correlate with SUVmax in our and another study [144], while other studies reported a 

correlation [141,145]. Studies that correlated the total cfDNA level and 18F-FDG PET/CT-

derived parameters reported conflicting results, possibly since estimating the total cfDNA 

level is not optimal for estimating the ctDNA level [140–143].  

There are important variations between these studies, with differences in sample 

size (n=40-128), distribution of disease stage and histological subtypes, whether patients 

were treatment-naïve or not, type of treatment administered, number of included 18F-FDG 

PET/CT-derived parameters, ctDNA detection approach, and assay, and whether the 

association between 18F-FDG PET/CT and ctDNA analysis was the primary aim of the study. 

One of the most comprehensive studies investigated the association between ctDNA level 

and MTV, TLG, SUVmax, CT volume, and somatic mutations in 69 patients with advanced 

NSCLC [145]. All three 18F-FDG PET/CT derived parameters, CT volume, and mutations in 

TP53 and EGFR were associated with the ctDNA level. Notably, the CT volume was 

comparable to the MTV, and was associated with ctDNA detection independently of TP53 

and EGFR mutations but not KRAS mutations, further supporting that there may be several 

tumor characteristics that explain ctDNA release. The cohort included advanced stage 

patients who were actively or previously treated, which might not be optimal. ctDNA was 

detected in 95% of patients, as expected for metastatic cancer. However, the results are 

not necessarily representative for early-stage patients, which usually comprise a larger 

proportion of non-shedders.  

Chabon et al. reported that ctDNA detection was a negative prognostic factor for 

OS independently of MTV, supporting our results [125]. We also found that ctDNA was 

prognostic independently of TLG but not SUVmax. Further, we explored the combined 

prognostic value of ctDNA and 18F-FDG PET/CT, as shown in previous studies on metastatic 

cancer, including NSCLC [141,149,150]. The results indicated that ctDNA might 

discriminate between patients with high MTV/TLG/SUVmax, thus enabling further risk 

stratification, though the results were not statistically significant. However, in support of 

these results, Jee et al. found that ctDNA detection was prognostic for patients with high 

and low MTV, although this study only included patients with stage IV NSCLC [141]. 

 Elevated glucose uptake may indicate an elevated metabolic activity or a shift 

towards anaerobic metabolism, either due to the Warburg effect or hypoxic conditions. In 

contrast, a novel study measured glucose uptake and citric acid cycle flux in mouse solid 

tumors, including lung tumors [151]. Although the study confirmed higher glucose uptake 
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in tumor tissue than healthy tissue, the energy production in the tumors was slower, and 

ATP was mostly generated oxidatively. The Warburg effect assumes that mitochondria are 

non-functional. Results from kidney and pancreatic tumors indicated that tumor cells 

downregulated energy-demanding tissue-specific processes to sustain proliferation despite 

slower ATP production. Without complementary metabolic measurements to 18F-FDG 

PET/CT, we cannot explain the metabolic state of the tumors in our study, and it is 

challenging to explain a potential relationship between glucose uptake and ctDNA release.  

7.3 Methodological considerations 

Results were not validated by others or in a different laboratory. On the other hand, the 

preparation of tissue material and tumor DNA extraction was performed according to the 

routines at the Pathology department at St. Olavs Hospital, which is validated directly and 

indirectly by either an internal control system or by participating in occasional external 

quality assurance programs. ctDNA analyses can be challenging to validate externally due 

to the limited sample material. However, a selection of NGS libraries from both tumor DNA 

and cfDNA was re-sequenced, tumor DNA was sequenced using different NGS panels, and 

cfDNA samples were validated using ddPCR. These internal validations showed consistent 

results. There is a lack of standardized pre-analytical factors, such as protocols for plasma 

preparation and cfDNA extraction. Although updated recommendations were recently 

published, many studies include stored samples that may not have been optimally 

processed [112]. Thus, the abovementioned limitations are not unique to our project, and 

there is no reason to believe that the biological samples included in this project differ 

considerably from those analyzed in other clinical laboratories or research biobanks. 

External validation of ctDNA assays is not common. However, recent studies performed 

applied assays approved by the Food and Drug Administration (FDA), although these 

mainly apply to advanced stage patients [141].  

 The low number of mutations targeted by the customized NGS panels was a 

limitation compared to similar studies. Matching tumor DNA from these patients was 

initially sequenced as part of another project in our group which screened patients for 

KRAS mutations. Consequently, few mutations were identified per patient, and about 1/3 

of the included patients had no identifiable mutation. 

 Although all stages and the most common NSCLC subtypes were represented in 

our cohorts, the findings regarding ctDNA as a prognostic factor may not represent the 

whole NSCLC population. A patient cohort from a biobank does not necessarily represent 

the general patient population since immediate study inclusion is not a priority for those 

who need immediate treatment or otherwise are in very poor condition. Our studies 

required a blood draw before treatment, which may have caused a selection bias. Further, 



 

 46 

our cohorts included a higher percentage of ADC than the Norwegian NSCLC population, 

and the cohort in paper IV consisted of a high proportion of KRAS mutated ADC (56% 

compared to ~38% in the Norwegian ADC population [52]). Lastly, there was a selection 

of patients by excluding those without a tumor mutation identifiable by the applied NGS 

panel, which targeted genes with potentially actionable alterations. 

 ctDNA was detected in few of the patients with stage I and II disease and none of 

the stage I patients included in paper IV. Based on previous studies, the detection rates 

in these stages were lower than expected and was likely attributable to the lower number 

of mutations targeted in our study. ctDNA detection as a prognostic factor independent of 

disease stage based on this project alone should therefore be interpreted with caution.  

 The 18F-FDG PET/CT scans were performed at different sites using different 

protocols, though most scans were performed at St. Olavs Hospital using the same scanner 

and protocol. The values of the 18F-FDG PET/CT-derived parameters are, in principle, 

dependent on the characteristics of the PET/CT camera, reconstruction parameters, matrix 

size, and point-spread function, which could cause a batch effect. Although raw data was 

unavailable from the other hospitals and different parameters may have influenced the 

calculated values, it has likely not affected the overall result. 

 Patients included in this project were diagnosed between 2007 and 2018, and the 

cancer treatment has changed in this period. Additionally, we cannot exclude that the 

routines for tissue sampling and preparation, disease staging, and follow-up have 

changed. However, all patients were re-staged according to the TNM version 8, although 

some patients may have been treated according to version 7.  

All processes from sample inclusion and evaluation, laboratory experiments, clinical 

data collection, data analysis, and statistical analyses were performed by individuals in 

our research group specifically for our projects. An experienced lung pathologist assessed 

the tumor tissue to confirm the morphologic classification, evaluate the tumor cell content 

and ensure DNA extraction from a tumor-rich region. The same nuclear physician 

evaluated all the 18F-FDG PET/CT scans. Comprehensive clinical data was collected directly 

from patients’ medical records by trained healthcare/research personnel, and updated 

survival data was provided for each study. An accurate date of death is reported to the 

National Population Register (Folkeregisteret) in Norway. The median follow-up time for 

PFS and OS was long in study III (89 months and 66 months, respectively) and in study 

IV (57 months for both PFS and OS). Most NSCLC relapses occur within 24-30 months 

after primary therapy. 

Our analyses were performed in the facilities of the Pathology department at St. 

Olavs hospital, and the department's routines and protocols were followed in procedures 

that overlap with their work. This close collaboration ensures that all procedures are, in 

theory, possible to include in routine diagnostic work.  
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7.4 Challenges in the implementation of ctDNA analysis 

During this Ph.D. project, it has become clear that several important elements must be in 

place to implement ctDNA analyses in routine clinical practice and to facilitate further 

ctDNA research. It is of utmost importance that biopsies are as large as possible and 

optimally treated to minimize the DNA damage. Blood should be drawn before any 

treatment commences, and the samples need to be processed within two hours after it is 

drawn. Hospitals without a diagnostic laboratory should probably draw blood in tubes with 

reagents that prevent cell lysis for transport. Tumor DNA should be sequenced using a 

larger NGS panel than those currently applied in routine clinical diagnostics for actionable 

target identification. Standard operation procedures for sample processing, cfDNA 

extraction, and library preparation must be developed and validated to confirm a low risk 

of contamination between samples. The diagnostic laboratory should have a designated 

clean area for cfDNA handling separate from work involving tumor DNA. General 

recommendations for the implementation of ctDNA analyses were recently published by 

the European Society for Medical Oncology [112].  

If the customized NGS approach described in paper III would be implemented, we 

imagine that the same gene-specific primers which are included in the tumor NGS panel 

should be available in separate tubes. Once tumor mutation(s) are identified, the 

customized cfDNA NGS panel is ready to be assembled by selecting the appropriate 

primers. Importantly, the NGS library protocol must include UMIs or another approach for 

error correction and identifying unique hGEs. When results are reported to the clinicians, 

the sample LOD (unique coverage at the position(s) of interest) should be included, 

especially for samples with no detected mutation. In case the ctDNA analysis is repeated 

later in the treatment course, any change in MAF should be interpreted with caution since 

NGS is not optimal for accurate quantification, and non-tumor related factors could affect 

the MAF. 

A tumor-informed approach prolongs the time from sampling to results are 

reported to clinicians. However, the data analysis and interpretation are relatively fast due 

to the limited number of reads per sample, and the interpretation is limited to 1-3 genomic 

positions. Importantly, each sample generates almost exclusively clinically relevant data. 

Studies indicate a clinical role of ctDNA analysis in other cancer types, such as colon cancer 

[152]. The customized NGS approach is tumor agnostic, an advantage in the laboratory 

logistics since there are likely few eligible patients with the same diagnosis per month. 

Due to technical limitations in NGS and the short fragment size of ctDNA, the approach is 

most suitable for cancer types where ctDNA can be identified based on alterations including 

few nucleotides. Other alterations, such as copy number variations, large chromosomal 

aberrations, and gene fusions, are still more challenging to identify.  
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This ctDNA analysis approach is currently unsuitable in situations where a decision 

must be made fast, the patient is unfit for a biopsy, or tumor DNA is unavailable for NGS. 

Arguably, it is possible to apply an NGS panel targeting the most characteristic lung cancer 

alterations, such as hotspots in EGFR and KRAS. A cfDNA mutation in these genes would 

likely represent a true positive, especially if it can be supported by other clinical findings 

or patient characteristics, such as the patient’s sex or smoking history. However, samples 

with no detected mutations will be much less non-informative, and most SCCs and 25-

50% of ADCs harbor no alteration typically found in lung cancer. Also, considering that 

many patients have undetectable plasma ctDNA levels, most samples would be non-

informative by this approach. Again, the optimal approach depends on the clinical setting. 

 Therefore, it would be advantageous if we at least could predict which patients are 

most likely to have detectable ctDNA, for example, by assessing the tumor metabolic 

activity by 18F-FDG PET/CT. High MTV and TLG, which both incorporate the tumor volume, 

predicted ctDNA detection in ours and other studies. However, both estimation of SUVmax 

(used to calculate MTV) and volume definition may depend on biological factors and 

external factors such as the 18F-FDG PET/CT protocol and the interpreting physician, and 

one should be careful with comparing exact values obtained at different sites. Other 18F-

FDG PET/CT-derived parameters may be more appropriate. For example, MTV was 

calculated as the combined volume of all tumors and would not have discriminated 

between a patient with a large primary tumor and lymph node metastasis and a patient 

with a small primary tumor and many lymph node metastases. Although this pattern is 

reflected, to a certain extent, by the TNM classification, ctDNA detectability might more 

accurately be predicted by combining the level of metabolic tumor activity, volume, and 

the metastatic pattern. One emerging approach is radiomics, which aims to describe image 

patterns more accurately or reproducibly than people. In general, the ctDNA detection rate 

increases with higher tumor volume, higher disease stage (potentially explained by 

increasing volume) and the rate is higher among SCCs than ADCs. Although these 

characteristics may help us predict whether a patient likely has detectable ctDNA, it is not 

given that the prognostic value of ctDNA analysis is higher in these patients. 

Furthermore, detecting ctDNA in all patients is the ultimate goal in early cancer 

detection and tumor genotyping without access to tumor tissue. In contrast, this may not 

be an appropriate goal for using ctDNA as a prognostic or predictive biomarker. If 

“negative” results can be supported by other clinical findings or liquid biopsy analyses, 

samples with and without detectable ctDNA may provide equally valid information. 

Importantly, non-informative samples due to undetectable mutations must be interpreted 

in the context of the assay LOD and the sample LOD. Such results could be more useful if 

a clinically relevant ctDNA fraction is defined. For example, let us say that a fraction of 

³0.1% ctDNA has the most prognostic value, and identification of one mutated hGE is 
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sufficient for classifying a sample as positive. In that case, ≥1,000 hGE must be analyzed 

to detect a mutation at 0.1% MAF. Thus, samples with no detected mutation and LOD 

<1000 hGEs are non-informative, while those with no detected mutation and LOD >>1000 

hGEs are more likely true negative. One complicating factor is that the total cfDNA level 

can rise in the blood due to non-tumor-related processes and falsely lead to the impression 

of a low sample LOD. Rolfo et al. recently suggested an alternative approach, in which an 

algorithm was used to estimate the ctDNA fraction based on several characteristics, such 

as aneuploidy [153]. The authors showed that the negative predictive value was lowest in 

samples with a ctDNA fraction < 1%. 

Overall, patients with detectable ctDNA seem to have around a 2-fold risk of dying 

at any given time compared to patients without detectable ctDNA. This hazard ratio is 

informative on a group level but cannot be used to estimate the prognosis for individual 

patients accurately. Although 50 % of patients with detectable ctDNA died within 13.6 

months in the cohort of paper III, this survival time was likely also affected by other cohort 

characteristics. Nevertheless, a positive sample may indicate that the patient should be 

followed more closely after primary therapy since other studies have supported that ctDNA 

detection is associated with shorter PFS. Furthermore, we generally observed that the 

ctDNA detection rate and MAF increased with increasing disease stage. Therefore, 

reevaluating or complementing the disease stage may be appropriate if a ctDNA mutation 

is detected at a suspiciously high MAF considering the assigned stage. ctDNA analyses 

provide complementary prognostic information, but other established factors are more 

important in clinical practice. It is especially difficult to see that the TNM staging system 

will become redundant in the foreseeable future.  

One might imagine that the prognostic value of ctDNA detection in EGFR-mutated 

patients depends on whether EGFR TKI is administered. Theoretically, ctDNA might be 

easier to detect in patients with homogenous EGFR-mutated tumors, which might be 

associated with a more uniform, global response to TKIs. However, studies show that 

ctDNA detection is a negative prognostic factor both in patients who receive TKIs and 

those who do not [154,155], indicating that detectable ctDNA reflects more aggressive 

tumor biology rather than tumor clone purity, as suggested by Abbosh et al. [128]. Again, 

we need to understand better why some tumors shed more ctDNA into the bloodstream 

than others to fully utilize ctDNA analyses in clinical practice and research. 

In our study, the median number of hGEs analyzed per sample was 973 (range 

266-5955), resulting in a median LOD at 0.1% MAF. Even if the issue with DNA loss in 

NGS preparation was eliminated, the median input cfDNA amount was 6482, i.e., an 

absolute median LOD of 0.02%. The obtained amount of cfDNA dictated the available input 

amount, and our samples are likely representative. Ultimately, the amount of ctDNA 

obtained from a blood sample limits ctDNA detection. Paradoxically, ultrasensitive assays 
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that promise detection of mutations at <0.01% MAF require an input amount of hGEs that 

might mainly be achievable in samples from patients with advanced disease, which rarely 

require such low assay LOD for detection. 
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8 Conclusion 
 

This project demonstrated the benefit of performing tumor-informed ctDNA interpretation 

and that ctDNA analyses were more sensitive and cheaper when customized NGS panels 

were applied. Quality assessment of FFPE DNA provided useful information on LOD in NGS 

data interpretation. It may contribute to fewer false positive and false negative results, 

especially in research on archival patient material. 

In our cohort of NSCLC patients, ctDNA detection was a negative prognostic factor 

for OS and PFS, though the latter was not independent of established prognostic factors. 

The benefit of ctDNA analysis was limited to patients with detectable ctDNA, which was 

only a minority of those considered for potentially curative treatment. The low cost-benefit 

and the requirement for laboratory infrastructure and logistics do not support clinical 

implementation of pre-treatment ctDNA analysis based on this project, especially since it 

is unclear what interventions should be done based on the results. The investigation of a 

combined prognostic value of ctDNA detection and assessment of tumor metabolic activity 

by 18F-FDG PET/CT was not conclusive in this project but encouraged further investigation 

since a such a benefit was not excluded.  
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9 Future perspectives on the use of ctDNA 
in lung cancer research 

 

Over the past decade, liquid biopsy by ctDNA analysis has transformed from a dream into 

an available analysis for the identification of targetable alterations in advanced stage lung 

cancer patients. Technical challenges must now be overcome to expand the utility to early-

stage patients and other clinical settings. Better NGS protocols, e.g., with less DNA loss 

and exploitation of both DNA strands, are continuously developed. The NGS technologies 

will likely improve and become less error-prone, we have likely only seen the beginning of 

PCR-free sequencing technologies, and yet unthought-of ultrasensitive technologies may 

emerge. Although current technical challenges may be solved, we must acknowledge the 

absolute limitation in the amount of ctDNA per mL of plasma obtained from the patients.  

Exploiting other ctDNA characteristics, such as dynamic changes in quantity over 

time, or inherent characteristics, such as fragment length and epigenetic pattern, may 

improve the utility of ctDNA analyses. Furthermore, performing complementary analysis 

of another liquid biopsy component might improve the sensitivity and specificity. However, 

the challenge remains to develop feasible methods to implement in the routine laboratory. 

One aspect to remember is the right to equal access to health care. Thus, we should avoid 

developing analyses that require specialized equipment and personnel which may in 

practice mainly be available for patients living close to big hospitals or with enough 

personal funds. 

 Most ctDNA studies to date have been retrospective or observational studies. There 

are more than 100 ongoing clinical trials investigating different roles of ctDNA in lung 

cancer management, including several prospective interventional trials wherein decisions 

are made based on ctDNA analysis. For example, a Canadian trial (NCT04966663) in which 

early-stage NSCLC patients receive adjuvant chemo-immunotherapy if ctDNA is detectable 

after surgery. Such trials may give more definitive answers on the clinical utility of ctDNA 

and might also shed more light on the biological mechanism behind ctDNA release. ctDNA 

studies seem to mainly be focused on early cancer detection, e.g., by combining 

multianalyte tests with low-dose CT screening, assessing dynamic changes in ctDNA 

quantity to evaluate treatment response and for detecting minimal residual disease, and 

longitudinal monitoring to detect relapse. A new potential application of longitudinal ctDNA 

monitoring is to help decide when treatment de-escalation may be appropriate, which is 

becoming relevant in the adjuvant setting and for patients receiving consolidating 

immunotherapy.  

 In parallel with clinical trials, research must be aimed at understanding more of the 

biological mechanisms involved in ctDNA release since this may help us understand which 
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patients and clinical settings are most likely to benefit from ctDNA analysis. Additionally, 

it may provide scientific support for novel clinical trials. It is interesting to look further into 

the difference in prognostic value of ctDNA detection between ADC and SCC patients since 

this difference indicates several release mechanisms and suggests that pre-treatment 

ctDNA detection is not a global prognostic factor.  

 Our research group will further investigate the role of tumor behavior and histology 

since our focus is shifting towards patients with SCLC. We will continue to analyze ctDNA 

using tumor-informed customized NGS panels, though sequencing tumor DNA with a 

comprehensive NGS panel to increase the mutation detection rate and the number of 

mutations included per customized panel. Additionally, we will test an approach to quantify 

the amount of mutated ctDNA per mL plasma accurately, since we aim to study the 

dynamics of ctDNA quantity before, during, and after treatments in patients enrolled in 

clinical trials conducted by our group. In combination with ctDNA, we will analyze 

circulating miRNA and other tumor characteristics, such as copy number variations in DNA, 

global and spatial tissue gene expression, and use artificial intelligence to analyze 

morphological patterns in the tumor tissue. 
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A B S T R A C T

Studies have indicated that detection of circulating tumor DNA (ctDNA) prior to treatment is a negative prog-
nostic marker in non-small cell lung cancer (NSCLC). ctDNA is currently identified by detection of tumor mu-
tations. Commercial next-generation sequencing (NGS) assays for mutation analysis of ctDNA for routine
practice usually include small gene panels and are not suitable for general mutation analysis. In this study, we
investigated whether mutation analysis of cfDNA could be performed using a commercially available compre-
hensive NGS gene panel and bioinformatics workflow. Tumor DNA, plasma DNA and peripheral blood leukocyte
DNA from 30 NSCLC patients were sequenced. In two patients (7%), tumor mutations in cfDNA were im-
mediately called by the bioinformatic workflow. In 13 patients (43%), tumor mutations were not called, but
were present in ctDNA and were identified based on the known tumor mutation profile. In the remaining 15
patients (50%), no concordant mutations were detected. In conclusion, we were able to identify tumor mutations
in ctDNA from 57% of NSCLC patients using a comprehensive gene panel. We demonstrated that sequencing
paired tumor DNA was helpful to interpret data and confirm ctDNA, and thus increased the ratio of patients with
detectable ctDNA. This approach might be feasible for mutation analysis of ctDNA in routine diagnostic practice,
especially in case of suboptimal plasma quality and quantity.

1. Introduction

Tumors release DNA, known as circulating tumor DNA, which
makes up a small fraction of total cell-free DNA (cfDNA) in the blood
(Stroun et al., 2001). Many studies have shown that tumor mutations
can be detected in cfDNA from patients with non-small cell lung cancer
(NSCLC) (Bettegowda et al., 2014; Phallen et al., 2017). It has also been
shown that pre-treatment detection of tumor mutations in cfDNA is a
negative prognostic factor. cfDNA is thereby emerging as an important
biomarker.

A requirement for using cfDNA as a prognostic biomarker is to de-
tect at least one tumor mutation in cfDNA prior to treatment. Because
the mutation spectrum is diverse in NSCLC, it is often necessary to
analyze many different genes to ensure mutation detection (Ono et al.,
2019). Commercial cfDNA next-generation sequencing (NSG) assays for
routine practice usually contain small gene panels with mainly targe-
table genes which are not suitable for this purpose.

Mutation analysis of cfDNA using a large gene panel is challenging.

It generates large data sets and sometimes the data quality is poor.
Suboptimal quality and quantity of plasma are the main factors that
affect the quality of sequencing data due to insufficient amount and low
quality of input DNA used for NGS library preparation. This is a fre-
quent issue, especially in the routine practice.

It is promising that recent studies using large gene panels found
concordant mutation in tumor DNA and cfDNA in 50–100% of early
stage NSCLC patients (Phallen et al., 2017; Abbosh et al., 2017;
Chaudhuri et al., 2016). In these studies, customized gene panels and
own-developed bioinformatic workflows were used for mutation de-
tection and interpretation of cfDNA sequencing data. These approaches
may not be directly transferable to most routine diagnostic laboratories
in which commercial assays are usually applied.

In this study we used a commercial comprehensive gene panel that
included hot spots in 275 genes. We sequenced matched tumor DNA,
peripheral blood leukocyte (PBL) DNA and cfDNA from 30 patients with
NSCLC. The aim was to investigate whether tumor mutations could be
detected in cfDNA using a large commercially available gene panel and
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bioinformatic workflow.

2. Methods

2.1. Patient material and approvals

Tumor tissue and blood samples were retrieved from Biobank1, a
local lung cancer biobank of tumor tissue, cytological specimens, blood
samples and clinical data from>900 patients with all stages and
subtypes of lung cancer. The biobank is approved by the Norwegian
Regional Committee for Medical and Health Research Ethics (REC)
Central, the Norwegian Health Department, and the Norwegian Data
Protection Authority. The REC central has approved the present study.

Patients with NSCLC and both tumor tissue and blood samples
available for histological examination and for DNA extraction were
included in this study. Blood samples were collected before treatment
commenced. Tumor specimens were reviewed, classified and subtyped
according to the 2015 World Health Organization classification of lung
tumors by a lung cancer pathologist (SGFW) (Travis et al., 2015). Dis-
ease stage was assessed according to the 8th TNM Classification of
Malignant Tumors for lung cancer (Brierley et al., 2017).

2.2. DNA extraction

Formalin-fixed (formaldehyde solution 4% phosphate buffered)
paraffin-embedded (FFPE) tumor blocks were used for isolation of
tumor DNA. Tissue sections of 10 μm were cut from areas with the
highest proportion of tumor cells. Tumor cell content ranged from 5 to
50%. From seven tumors, two replicating DNA extracts were prepared
by cutting the same tumor tissue twice. Both DNA extracts were se-
quenced. DNA was extracted using GeneRead DNA FFPE kit (Qiagen,
Valencia, CA) or QIAamp DNA FFPE Tissue kit (Qiagen, Valencia, CA)
according to the respective protocols. Treatment of DNA with uracil-
DNA-glycosylase was performed either during extraction or after final
elution to remove uracil. Spontaneous deamination of cytosine to uracil
occurs over time, and this would lead to C>T and G>A sequence
artifacts.

Plasma was prepared from 10 mL whole blood with EDTA or citrate
anticoagulant immediately after sampling. Blood samples were either
centrifuged once at 2500×g for 10 min, or first at 1500×g for 15 min
and then at 10,000×g for 10 min. Plasma was transferred to cryotubes
and stored at −80 °C. cfDNA was isolated using QIAamp Circulating
Nucleic Acid kit (Qiagen, Valencia, CA) from 2.5–6 mL plasma and
eluted with 30–50 μL supplied buffer. It was further concentrated by
precipitation with 0.3 M sodium acetate, 0.05–1 μg/μL glycogen
(Thermo Fisher Scientific, Waltham, MA) and 2.5× volume of 96%
ethanol and finally resuspended in 10 μL molecular biology grade
water.

DNA from PBLs was extracted from whole blood using
QIAsymphony DSP DNA kit (Qiagen, Valencia, CA). DNA concentration
was measured by Qubit® (Thermo Fisher Scientific, Waltham, MA),
using dsDNA HS Assay Kit for cfDNA and dsDNA BR Assay Kit for tumor
DNA and PBL DNA.

2.3. NGS library preparation

NGS libraries were prepared from 30 to 210 ng tumor DNA, 20 ng
cfDNA and 20–40 ng PBL DNA using QIAseq Comprehensive Cancer
Panel (Qiagen, Valencia, CA). The panel included 836,670 bases in 275
genes (Table S4). Briefly, DNA was fragmented, end-repaired and a 5′
adenine overhang was made. Synthetic fragments with a sequencing
adapter, unique molecular index (UMI, a 12-nucleotide random se-
quence) and a 3′ thymine overhang were then ligated to all DNA
fragments. An estimated size of 412 different UMI sequence combina-
tions ensured that all DNA fragments were tagged with a unique UMI.

In the first polymerase chain reaction (PCR) of six cycles, PCR

products covering the genomic areas of interest were synthesized using
gene-specific primers and primers complementary to the 5′ sequencing
adapter. There were a total of 11,311 different gene-specific primers,
which all had a common sequence, a primer site, at their 5′ end. The
PCR products were then used as templates for the second PCR, in which
complete NGS libraries were made using primers for the 5′ sequencing
adapters and 3' sequencing adapters complementary to the common 5′
end of the templates.

Tumor DNA libraries and cfDNA libraries were pooled separately
with 5 μL from each individual tumor DNA and cfDNA library, re-
spectively. The pooled libraries were then purified using QIAquick PCR
Purification kit (Qiagen, Valencia, CA). To acquire a library pool with
even and proper fragment lengths, electrophoresis of both library pools
was performed using DNA 300 Chip (Caliper Life Sciences, Hopkinton,
MA) on LabChip XT (Caliper Life Sciences, Hopkinton, MA). Fragments
with a length of 295 to 445 bp were extracted according to the pro-
cedure “Extract and Pause”. The two pools were then quantified using
KAPA Library Quantification Kit – Illumina ABI Prism19 (KAPA
Biosciences, Wilmington, MA). Libraries were sequenced on NextSeq
550 (Illumina, San Diego, CA) with 151 paired-end reading. NGS li-
braries of PBL DNA were prepared, but without the step of fragment
purification, and sequenced separately in the same manner as tumor
DNA and cfDNA.

2.4. Bioinformatic analysis

Biomedical Genomics Workbench version 5.0.1 (Qiagen, Valencia,
CA) with the gene panel-specific plugin QIAseq Targeted Panel Analysis
version 1.2 was applied for detection of variants. Briefly, adapters and
UMIs were removed and the reads annotated with their UMI to allow
mapping to the reference genome (hg19). Reads with same UMI (i.e
PCR duplicates) were grouped into a “UMI family”. A consensus se-
quence was assembled from each UMI family with the variants that
were present in ≥75% of the duplicates. The subsequent steps were
performed with the consensus sequence. Sequences of two DNA frag-
ments that were generated during adapter/UMI-ligation in the NGS li-
brary preparation, were removed. Inserts and deletions were then de-
tected, followed by local realignment and removal of primer sequences.
Variants were then called in the panel target area with the tool “Low
frequency variant detection”.

For each patient, variants that were detected in ≥10 different UMI
families in PBL DNA were removed from both tumor DNA and cfDNA.
Tumor mutations were defined as follows; coding, non-synonymous,
not located in a homopolymer, detected equally in read 1 and 2, and
detected in ≥5 big UMI families (defined as families with ≥3 dupli-
cates). cfDNA mutations were defined as follows; coding, non-synon-
ymous, not located in a homopolymer, detected equally in read 1 and 2,
and detected in ≥3 big UMI families.

The lists of mutations in tumor DNA passing these filters were up-
loaded to SNPnexus to evaluate pathogenicity (Dayem Ullah et al.,
2018). A mutation was classified as pathogenic if it was registered in
the catalogue of somatic mutations in cancer (COSMIC) (Tate et al.,
2019) or predicted to be pathogenic by both SIFT (Kumar et al., 2009)
and PolyPhen (Adzhubei et al., 2010). Only mutations classified as
pathogenic were included for concordance analysis.

Mutation spectrum was compared between paired tumor DNA and
cfDNA. Tumor mutation spectrum from two synchronous tumors were
separately compared to the matched cfDNA in one patient (patient 6).
The BAM files created after UMI family creation in the cfDNA samples
were manually inspected for presence of matched tumor mutations that
were not called by the bioinformatic workflow.

Cases with no concordant mutations were classified as undetected.
Patients with concordant mutations were divided into two categories
based on the method of detection. Cases with concordant mutations
that were immediately called by the bioinformatic workflow in cfDNA
were classified in the first category. Cases where concordant mutations
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were identified in cfDNA with prior knowledge from tumor DNA were
classified in the other category.

3. Results

Thirty-one patients diagnosed with NSCLC at St. Olav's Hospital,
Trondheim University Hospital, Norway between 2009 and 2016 were
included (Table S1). One patient was excluded from the analyses be-
cause of failed PBL DNA library sequencing. Patient characteristics of
the remaining 30 patients are shown in Table 1. Histological diagnoses
were adenocarcinoma (n = 15, 50%), squamous cell carcinoma
(n = 13, 43%), adenosquamous carcinoma (n = 1, 3%) and NSCLC-not
otherwise specified (NSCLC-NOS, n = 1, 3%). Twenty-two patients
(77%) had stage I–II disease and seven patients (23%) had stage III–IV.

Sequencing coverage, i.e. the mean number of sequencing reads
covering each position in the target area, was on average 2394× (range
1031×–4338×) across all tumor DNA samples, 2143× (range
1055×–3625×) across all cfDNA samples and 748× (range
515×–1630×) across all PBL DNA samples (Table S2).

The UMI family consensus sequence represents one original DNA
fragment, and by extension, one haploid genome. Mean haploid
genome coverage was on average 743× (range 225×–1643×) in all
tumor DNA samples, 207× (range 69×–443×) in all cfDNA samples
and 493× (range 209×–1061×) in all PBL DNA samples (Table S2).
The median number of PCR duplicates in each UMI family was≤3 in all
samples.

3.1. Mutation analyses

At least one mutation was detected in tumor from 29/30 patients
(97%), with a mean allele frequency (AF) of 24.4% (range 1.4–73.8%).
Tumors that were sequenced in duplicates contained both concordant
and discordant variants, but pathogenic mutations were concordant in
all cases. Patient 6 was the only exception. Two synchronous tumors
were sequenced from this patient and no mutations were concordant
between the two tumors.

Mutations detected in tumor DNA were compared to those detected
in the matching cfDNA (Fig. 1, Table S3). Tumor mutations were im-
mediately called by the bioinformatic workflow in two patients. In one
of these patients, all four tumor mutations were detected in cfDNA with
a mean AF of 8.6% (range 5.5–12.2%) These mutations were detected
in 17 different UMI families on average (range 13–24). In the other
patient, nine out of ten tumor mutations were detected in cfDNA with a
mean AF of 5.4% (range 2.6–12.2%). The mutations were detected in 8
UMI families on average (range 3–13). Variants were called by the
bioinformatic workflow in the remaining 28 patients, but these were
not confirmed in the matching tumor DNA.

Next, we manually investigated if tumor mutations were present in
cfDNA but not called by the bioinformatic workflow. Through this
approach, we identified tumor mutations in cfDNA from another 14
patients. The median AF of tumor mutations in cfDNA was 0.9% (range
0.26–15.2%). One example was an L858R mutation in Epidermal Growth
Factor Receptor (EGFR) that was detected in tumor DNA from patient 12.
It was detected in two UMI families in the matching cfDNA (AF 1.0%).
One family was made from two reads, the other was a singleton UMI. In
both cases, the mutation was only detected in read 1 because it was
located in a non-overlapping area in the DNA fragment. Another ex-
ample was a mutation in Signal Transducer And Activator Of Transcription
3 (STAT3) that was detected in tumor DNA from patient 2. The same
mutation was detected in four UMI families in the matching cfDNA (AF
2.2%). These UMI families were made from total 11 reads.

3.2. ctDNA and patient characteristics

In total, concordant mutations were detected in 15/29 patients
(52%). Eight patients (53%) had squamous cell carcinoma, five (33%)
had adenocarcinoma, one (6%) had NSCLC-NOS and one (6%) had
adenosquamous carcinoma. Necrosis was observed in tumor from nine
out of 14 patients (64%) that had evaluable tumor tissue and con-
cordant mutations, and in four out of 14 patients (29%) with no con-
cordant mutations. Concordant mutations were detected in 43% of
patients with stage I-II disease and in 67% of patients with stage III–IV
disease. In patient 6 with two synchronous tumors, a mutation from one
tumor was identified in cfDNA by manual inspection. The mean haploid
genome coverage in this patient was 116×.

4. Discussion

In this study of 30 NSCLC-patients, we sequenced matched tumor
DNA and plasma cfDNA and compared mutation profiles. At least one
concordant mutation was detected in 15/29 patients (52%) with mu-
tations in tumor DNA. In 2/15 patients, tumor mutations were im-
mediately called by the bioinformatic workflow in cfDNA. These cases
were also different in that virtually all tumor mutations were detected
in cfDNA. In 13/15 patients, concordant mutations were present in
cfDNA, but were not called by the bioinformatic workflow. These mu-
tations could be identified because they were detected in the matching
tumor DNA. The remaining 14 patients (47%) had mutations in their
tumor DNA, but these mutations were not detected in the matching
cfDNA.

The result demonstrates the benefit of using a large gene panel for
sequencing tumor DNA from NSCLC patients. In a previous study we
used a 26-gene panel and detected mutations in only a subset of tumors
from NSCLC patients (unpublished data), and studies that used panels
of< 60 genes detected mutations in 63–78% of patients with early
stage NSCLC (Phallen et al., 2017; Guo et al., 2018; Chen et al., 2017;
Chen et al., 2016; Guo et al., 2016). In this study, we detected at least
one tumor tissue mutation in 97% of patients with the 275-gene panel.
Similarly, a recent study detected mutations in 94% of NSCLC tumor
samples with a 546-gene panel (Zhang et al., 2019).

We observed mutation concordance in tumor DNA and cfDNA in
52% of patients. This is consistent with previous research. Studies on
stage I-III NSCLC reported concordance in 33–50% of patients (Phallen
et al., 2017; Abbosh et al., 2017; Guo et al., 2016, 2018; Chen et al.,
2016, 2017; Zhang et al., 2019), though, Chaudhuri et al. (Zhang et al.,
2019) detected concordant mutations in 100% of patients with avail-
able tumor tissue using their Cancer Personalized Profiling by deep
Sequencing (CAPP-Seq) assay. A possible explanation is that all muta-
tions, not only known pathogenic or driver mutations, were included in
the study.

Most patients with concordant mutations in our study had squa-
mous cell carcinoma histology. The study by Abbosh et al. (2017) also
found that non-adenocarcinoma histology was an independent

Table 1
Characteristic of the patients analyzed in the study.
Characteristics Number of patients (%)

In total 30
Age, years:
Mean: 70
Range: 57–81

Sex:
Female 11 (37)
Male 19 (63)

Smoking history:
Smoker/former smoker 28 (93)
Never smoker 2 (7)

NSCLC subtype:
Adenocarcinoma 15 (50)
Squamous cell carcinoma 13 (43)
Adenosquamous carcinoma 1 (3)
NSCLC-not otherwise specified 1 (3)

NSCLC; non-small cell lung cancer
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predictor of mutation detection in cfDNA. These tumors are more ne-
crotic and thereby release more DNA (Stroun et al., 2001; Caruso et al.,
2012). In line with this reasoning, we found that 69% of evaluable
squamous cell carcinomas were necrotic compared to 20% of adeno-
carcinomas.

Although the large gene panel ensured mutation detection in most
patients, applying large panels for cfDNA sequencing is challenging for
the bioinformatic analysis. The main issue is the low fraction of circu-
lating tumor DNA in cfDNA, and high haploid genome coverage is ne-
cessary to detect the variants with low AF. The average haploid genome
coverage of most cfDNA samples in our study was not high (mean
207×). It is possible that size selection of the cfDNA NGS libraries
excluded fragments from the tumor since circulating tumor DNA is
shorter than other cfDNA (Mouliere et al., 2011). Tumor mutations
were called only in the two cfDNA samples with relatively high fraction
of tumor DNA. The median AF of the called tumor mutations was 5.5%,
while the median AF of the mutations identified with help from the
matching tumor DNA was 0.9%.

Variants were called in all cfDNA samples, but only in two patients
the variants were confirmed in the matching tumor tissue. In the re-
maining samples, the called variants could not be confirmed in the
matching tumor tissue. The origin of these variants is unknown. The
same observation has been reported in other studies (Guo et al., 2018;
Jamal-Hanjani et al., 2016). Although such variants have been attrib-
uted to tumor heterogeneity, a recent study found that most discordant
mutations were technical artifacts (Stetson et al., 2019). Some suggest
that such variants originate from clonal hematopoiesis of indeterminate
potential (Hu et al., 2018).

In this study, no AF cut-off was applied in the bioinformatic fil-
tering, but rather a criterium that the mutation must be present in ≥3
UMI families. This is stringent and a dynamic AF cut-off could be ap-
plied. However, finding the optimal cut-off is challenging, especially in
data sets from large gene panels. Low AF cut-off setting generates big
data sets with too many variants that makes it difficult to identify true
tumor mutations. Suboptimal sequencing data with low coverage is
even more difficult to interpret. High AF cut-off setting will miss calling
of true tumor mutations and thus decrease the sensitivity of detection.

The low number of duplicates in each UMI family was a drawback in
this study. Tumor mutations in cfDNA in most patients did not pass the
quality filters with the set cut-off for number of duplicates (≥3) but
were identified directly in the UMI sequences because the true tumor
mutation profile was known. Therefore, through this study we showed
that it was still possible to identify true tumor mutations in cfDNA by
using the mutation information of matching tumor DNA in spite of
suboptimal cfDNA samples and sequencing data.

Several factors can result in suboptimal cfDNA sequencing data,
such as access to limited plasma quantity and variable plasma quality.
This directly affects the amount and quality of input DNA for NGS li-
brary preparation, which further affects the NGS library quality. Low
sequencing coverage may also lead to suboptimal data but increasing
sequencing coverage may not always be an option due to limited re-
sources.

In conclusion, we were able to identify tumor mutations in cfDNA
from NSCLC patients using a commercially available, comprehensive
NGS gene panel and bioinformatic workflow. We also show that it is
possible to obtain mutation information from suboptimal cfDNA se-
quencing data by sequencing tumor DNA and PBL DNA from the same
patients.
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Fragmentation assessment of FFPE DNA helps in evaluating NGS library 
complexity and interpretation of NGS results 
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A B S T R A C T   

Formalin-fixed paraffin-embedded (FFPE) tissue remains the most common source for DNA extraction from 
human tissue both in research and routine clinical practice. FFPE DNA can be considerably fragmented, and the 
amount of DNA measured in nanograms may not represent the amount of amplifiable DNA available for next- 
generation sequencing (NGS). Two samples with similar input DNA amounts in nanograms can yield NGS an-
alyses of considerably different quality. Nevertheless, many protocols for NGS library preparation from FFPE 
DNA describe input DNA in nanograms without indication of a minimum requirement of amplifiable genome 
equivalent DNA. 

An important NGS quality metric is the library complexity, reflecting the number of DNA fragments from the 
original specimen represented in the final library. Aiming to illustrate the relationship between DNA fragmen-
tation degree and library complexity, we assessed the fragmentation degree of 116 lung cancer FFPE DNA 
samples to calculate the amount of amplifiable input DNA used for library preparation. Mean unique coverage, 
coverage uniformity, and mean number of PCR duplicates with the same unique molecular identifier were used 
to evaluate library complexity. 

We showed that the amount of amplifiable input DNA predicted library complexity better than the input 
measured in nanograms. The frequent discrepancy between DNA amount in nanograms and the amount of 
amplifiable DNA indicate that the fragmentation degree should be considered when performing NGS of FFPE 
DNA. Importantly, the fragmentation assessment may help when interpreting NGS data and be a useful tool for 
evaluating library complexity in the absence of unique molecular identifiers.   

1. Introduction 

Formalin-fixed paraffin-embedded (FFPE) human tumor tissue 
samples are collected for routine histopathological diagnostic proced-
ures. They also represent a vast and valuable resource for molecular 
analyses and retrospective cancer genetic studies. However, the quality 
of DNA from FFPE samples varies largely when compared with DNA 
isolated from fresh-frozen tumor tissue. When preparing FFPE samples, 
formalin functions as a cross-linking agent for tissue fixation and sta-
bilizes the tissue structure by creating covalent linkage between mac-
romolecules, such as DNA-DNA, DNA-protein, and protein-protein. 
Reversing the formalin-formed cross-linking during DNA extraction 

causes fragmentation of FFPE DNA. In addition, formalin causes the 
release of purine bases from nucleic acids and induces DNA fragmen-
tation (Do and Dobrovic, 2015; Srinivasan et al., 2002). Since the extent 
of fixation may vary among samples, the extent of fragmentation may 
also vary. The quality of FFPE DNA directly affects the quality metrics of 
downstream NGS analyses, such as library size, average read depth and 
uniformity (Robbe et al., 2018; Spencer et al., 2013). Although opti-
mizing tissue fixation conditions and DNA extraction methods improve 
FFPE DNA quality (Einaga et al., 2017; Heydt et al., 2014; McDonough 
et al., 2019), the quality is still influenced by many stochastic factors, 
such as time until fixation, perioperative ischemic time, fixation time 
and size of tissue samples, storage time and extent of necrosis in tissue 
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samples (Bass et al., 2014). Many studies have demonstrated the feasi-
bility of using FFPE DNA for next generation sequencing, including gene 
specific targeted sequencing, whole-exome and whole-genome 
sequencing (Carrick et al., 2015; Hedegaard et al., 2014; Kerick et al., 
2011; Robbe et al., 2018), though in many clinical pathology de-
partments, gene specific targeted NGS analyses of FFPE DNA are still the 
most common routine diagnostic molecular analyses. 

In library preparation for targeted next-generation sequencing 
(NGS), the genomic regions of interest are enriched from input DNA by 
either hybridization-capture using gene-specific probes or PCR 
amplicon-based enrichment using gene-specific primers (Chang and Li, 
2013). For both approaches, the final sequencing-ready library is 
generated by PCR enrichment. Thus, the final library includes PCR du-
plicates that provide no additional value in the data analysis unless they 
are identified by a common characteristic unique to each set of dupli-
cates. One option is to utilize an inherent characteristic, such as frag-
ment length, but this is not possible for amplicon-based libraries 
generated using opposing primer pairs. An alternative is to introduce a 
synthetic characteristic to the input DNA before PCR, such as a unique 
molecular identifier (UMI), that will be common for all subsequent PCR 
duplicates (Kinde et al., 2011) 

Several NGS library preparation protocols used in routine diagnostics 
omit the incorporation of UMIs, possibly because this adds another step 
in the laboratory and requires specialized algorithms for data analysis. 
One consequence is that these unidentified duplicates contribute to the 
mean coverage that is used as a quality metric for NGS. However, the 
mean unique coverage is arguably a more precise quality metric because 
it reflects the number of unique human genome equivalents (hGEs) from 
the input DNA represented in the final library, i.e., the library 
complexity. 

High library complexity is desirable to achieve high analytic sensi-
tivity and specificity. McNulty et al. prepared NGS libraries from cell 
culture DNA which exhibits the similar quality as DNA from fresh frozen 
tissue. By varying the amount of input DNA measured in nanograms, 
they demonstrated that library complexity was enhanced by increasing 
the amount of input DNA (McNulty et al., 2020). However, if input FFPE 
DNA for library preparation is only measured in nanograms, the true 
amount of DNA available for subsequent PCR in NGS libraries may vary 
widely because the fragmentation degree of FFPE DNA may differ 
greatly. A study by McDonough et al. showed that NGS quality metrics 
such as raw base coverage varied widely among specimens although the 
same amounts of input DNA in nanogram were used for targeted library 
preparation (McDonough et al., 2019). Commercial kits for DNA quality 
assessment, such as the KAPA Human Genomic DNA Quantification and 
QC kit and a multiplex PCR assay (Life Science Innovations, Qualitative 
Multiplex PCR Assay) have been used prior to NGS library preparation in 
many studies (McDonough et al., 2019; Pel et al., 2018). However, 
publications rarely include descriptions of how the results of DNA 
quality assessments have been interpreted and used for NGS library 
preparation and eventually data interpretation. 

The aim of this study was to demonstrate how a DNA fragmentation 
assay might be applied and how FFPE DNA fragmentation might affect 
subsequent NGS library complexity. We performed NGS analysis of 116 
DNA samples extracted from FFPE lung cancer samples using the QIAseq 
Human Actionable Solid Tumor panel. The NGS libraries were prepared 
with UMIs. Thus, the number of UMIs for each sequenced region re-
flected the complexity of each library. We also assessed the fragmenta-
tion degree of input DNA and calculated the true quantity of DNA 
fragments as potential templates for amplification. Using this approach, 
we demonstrated that in the case of FFPE DNA samples, the quantity of 
input DNA according to the amount of amplifiable DNA fragments rather 
than amount in nanograms better reflected the number of potential hGE 
templates and thus provided better prediction of the complexity of NGS. 

2. Material and methods 

2.1. Samples and approval 

In total, 116 tumor samples from 114 lung cancer patients diagnosed 
between 2007 and 2018 at St. Olav's University Hospital, Trondheim, 
Norway, were retrieved from Biobank1, our regional lung cancer bio-
bank. The biobank was approved by the Norwegian Regional Committee 
for Medical and Health Research Ethics (REC) Central, the Norwegian 
Health Department, and the Norwegian Data Protection Authority. The 
REC Central also approved the present study. Patients had a median age 
of 68 (range 46–86), 48% were female, 92% had a performance status of 
0–1 and 29% had stage IV disease. Most tumors were adenocarcinomas 
(n = 103), and the rest were adenosquamous carcinoma (n = 1), large 
cell neuroendocrine carcinoma (n = 2), small cell carcinoma (n = 1) and 
non-small cell lung cancer not otherwise specified (n = 9). 

2.2. DNA extraction from FFPE tissue 

DNA was extracted from archival FFPE tumor blocks. At the 
Department of Pathology at St. Olav's University Hospital, phosphate- 
buffered 4% formaldehyde solution (HistoLab Products AB, Gothen-
burg, Sweden) with a pH of 7.2–7.4 is used as fixation solution. For the 
large surgically resected samples, the fixation time is between 3 and 5 
days; for small biopsies it is overnight for approximately 12–16 h. Fix-
ation is then performed for another two hours in a tissue processor 
before paraffin embedding. Fixation of tiny needle biopsies are carried 
out directly in the tissue processor. Two to five tissue sections of 10 μm 
were cut from the areas with highest tumor cell density identified by an 
experienced lung cancer pathologist by regular light microscopy. The 
number of sections was determined empirically according to the size of 
the defined area and the tumor cell density. DNA was extracted using the 
QIAcube Connect (Qiagen, Valencia, CA) and the QIAamp DNA FFPE 
Tissue Kit (Qiagen, Valencia, CA) and then eluted in 200 uL of the 
supplied buffer. DNA concentration was measured fluorometrically by 
Qubit® (Thermo Fisher Scientific, Waltham, MA) using either the 
dsDNA BR or the HS Assay Kit depending on the yield. 

2.3. Fragmentation assessment of FFPE DNA 

Quantitative real-time PCR (qPCR) of FCGR3b with a fragment 
length of 300 bp was performed to assess the fragmentation degree in 
FFPE DNA. The FCGR3b gene was chosen for practical reasons, since it is 
already in routine use and validated at our pathology department. This 
gene is not known to be amplified in lung cancer, and differential 
expression or epigenetics would not influence the quantification by 
qPCR. In this study, we used quantification of the amplifiable copy 
number of FCGR3b not as an absolute number, but rather as a condition 
to determine the amount of amplifiable input DNA within a certain 
range. Only amplification with extremely high copy numbers will in-
fluence this range assessment, and FCGR3b is not known for this kind of 
amplification. The abundance of this fragment was measured relative to 
an unfragmented DNA control sample extracted from leukocytes from a 
healthy person. We assumed that DNA fragmentation caused by 
formalin fixation occurs randomly and, therefore, also within this gene. 
We assumed that the number of FCGR3b fragments at ≥300 bp present 
in the DNA sample was proportional to the number of hGEs with a 
fragment length of at least 300 bp. For comparison in a subset of sam-
ples, we also quantified the fragments of the gene ALB of ≥150 bp by 
qPCR. 

qPCR was performed according to a protocol developed, validated, 
and used in diagnostic routine at our pathology department. Specif-
ically, qPCR was performed using 10 ng DNA, 0.6 uM primer solution 
(for 150 bp or 300 bp), molecular grade water and iQ™ SYBR® Green 
Supermix (Bio-Rad, Hercules, CA) in a 25 μL reaction. Each assay con-
tained triplicates of FFPE DNA, DNA isolated from peripheral blood as 
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control of non-fragmented DNA, and a non-template control. All runs 
were processed on a Bio-Rad® CFX96 using the following run program: 
95 ◦C/10 min – 40 cycles of 94 ◦C/30 s, 56 ◦C/30 s, 72 ◦C/30 s– melting 
curve program: 95 ◦C to 60 ◦C, and increment of 0.5 ◦C for 1 s. 

The difference in mean threshold value (ΔCt) between FFPE DNA 
and the blood DNA control was used to calculate the number of frag-
ments with at least 150 bp/300 bp in the tumor DNA relative to the 
control. The fragmentation degree of tumor DNA was defined as 2ΔCt. 

2.4. Next-generation sequencing and mutation detection 

NGS libraries were prepared following the manufacturers' in-
structions using 1.7–250.8 ng FFPE DNA without considering the DNA 
fragmentation degree. Libraries were made using QIAseq Targeted DNA 
Human Actionable Solid Tumor Panel (Qiagen, Valencia, CA), which 
included UMIs. In brief, DNA was enzymatically fragmented, end- 
repaired, and A-tailed followed by ligation to a 5′ sequencing adapter 
that contained the UMI. The regions of interest were then selected by 
targeted PCR using an adapter primer and gene-specific primers that 
contained a universal primer sequence. The library was then amplified 
in a universal PCR using primers for the 5’adapter and a 3’primer 
complementary to the primer seat added in the targeted PCR. The 3′

primer also contained the 3′ sequencing adapter sequence. Libraries 
were quantified by KAPA Library Quantification kit (Roche, 
Switzerland) and pooled together in equimolar amounts before 
sequencing. 151 bp pair end sequencing was performed on the Illumina 
MiSeq or NextSeq platform (Illumina, San Diego, CA). 

Data analysis was performed using the CLC Genomic Workbench 
version 12.0.2 (Qiagen, Valencia, CA) and a panel-specific workflow 
that utilized the UMIs. All reads passing the quality filters were used for 
downstream analyses. Mean read coverage was defined as the mean 
number of reads that covered each target position, without using the 
UMI information. Duplicates with the same UMI sequence were then 
grouped into a “UMI family”, and the mean unique coverage was defined 
as the mean number of UMI families that covered each target position. 
Variants were called if they were present in 75% of the duplicates in a 
family. Variants below 5% allele frequency were discarded to avoid 
erroneously calling mutations that spontaneously arise in DNA over 
time. 

2.5. Statistical analysis 

Linear regression was used to explore the relation between mean 
unique coverage, total number of reads, amount of input DNA (Fig. 2A) 
and number of genome equivalents (Fig. 2B). R version 1.1.463 was used 
for statistical analyses, and figures were made using the ggplot2 pack-
age. The level of statistical significance was defined as p≤0.05. 

3. Results 

3.1. High variation in fragmentation degree of FFPE DNA 

The concentration of DNA extracted from the 116 samples ranged 
from 0.103 ng/μL to 136.0 ng/μL (median 4.9 ng/μL). qPCR with a 300 
bp fragment of the FCGR3b gene was then used to estimate the frag-
mentation degree in the FFPE samples compared to a control sample of 
DNA extracted from whole blood. Such DNA is minimally fragmented 
and considered to be of high quality compared to FFPE DNA. The quality 
of FFPE DNA was therefore defined as the fragmentation degree relative 
to the whole blood DNA control sample. The relative fragmentation 
degree was calculated using the difference in Ct value (ΔCt) between 
each FFPE sample and the control and the formula 2ΔCt. Thereby, a ΔCt 
value of 3.3 implied a 10-fold fragmentation degree of FFPE relative to 
the control. As shown in Fig. 1, the fragmentation degree of FFPE DNA 
ranged from 1 to >500-fold compared to the control. Sixteen samples 
were > 500-fold fragmented and the sample with the worst quality was 

6339-fold fragmented. 
An additional qPCR assay was performed with a 150 bp fragment in 

the gene ALB in a subset of the FFPE DNA samples (n = 41), and the 
fragmentation degree varied from 1- to 19-fold (median 3-fold). The 
samples that were more than 10-fold fragmented at 300 bp (10- to 520- 
fold) varied between 2- and 19-fold fragmented at 150 bp. 

3.2. The number of amplifiable hGEs in input FFPE DNA can predict the 
library complexity 

NGS libraries were prepared using 1.7–250.8 ng input DNA and 
QIAseq Targeted DNA Human Actionable Solid Tumor Panel. To eval-
uate the impact of DNA fragmentation on the library complexity, we 
used the fragmentation degree to calculate the number of potential hGE 
templates present in the input for each library. The UMIs were used to 
evaluate the library complexity. 

First, we examined the relationship between input DNA amount and 
the mean unique coverage in the panel target region. Overall, the mean 
unique coverage ranged from 16× to 3098× (median 326×) in the 116 
libraries. A high total number of reads per library did not result in a high 
mean unique coverage R2 = 0.00137, p = 0.694) (point colors in Fig. 2). 
Furthermore, a higher input DNA amount in nanograms did not sys-
tematically increase the mean unique coverage (Fig. 2A), though the 
correlation between input DNA and mean unique coverage was statis-
tically significant (R2 = 0.277, p < 0.0001), mainly because the highest 
input DNA amounts resulted in high mean unique coverage; 10 out of 13 
libraries made with more than 200 total ng input DNA had mean unique 
coverage >1000×. Fig. 2A shows that high fragmentation degree 
decreased the mean unique coverage among libraries made from the 
approximately same input amount in ng. In line with this observation, a 
higher number of amplifiable hGEs in the input DNA generally increased 
the mean unique coverage (R2 = 0.410, p < 0.0001) (Fig. 2B). 

Second, we examined the relationship between input DNA amount 
and the number of duplicates/UMI family. The libraries made from 
lower amounts of DNA in nanograms contained a high number of 

Fig. 1. The fragmentation degree of 116 lung tumor FFPE samples relative to a 
control of genomic DNA extracted from leukocytes from a healthy person. The 
y-axis shows the values of 2ΔCt and is capped at 500-fold. Seventy-two percent 
of the samples were more than 10-fold fragmented than the control, as indi-
cated by the red line. Based on experience, FFPE derived DNA is usually 10-fold 
fragmented. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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duplicates/UMI family (Fig. 3A). However, Fig. 3A shows that the 
number of duplicates/UMI family varied among samples with the same 
amount of DNA in nanograms, while it was more uniform among sam-
ples with the same input DNA calculated as the number of amplifiable 
hGEs (Fig. 3B). 

We observed that all samples with >200 ng total DNA input had few 
duplicates per UMI family (1.1–2.8). These libraries did not have suffi-
cient duplicates per UMI family for error correction, which indicates that 
an input DNA of more than 200 ng potentially causes ineffective PCR 
reactions. 

Third, we examined the relationship between input DNA amount and 
uniformity of the mean unique coverage of each gene in the target panel. 
To exemplify, in Fig. 4 we present the coverage uniformity in two li-
braries that were prepared using 100 ng DNA input, and both libraries 

generated approximately 1.7 million reads. The input DNA used to 
prepare the first library (Fig. 4A) was 5-fold fragmented and the input 
DNA for the second library (Fig. 4B) was 520-fold fragmented relative to 
the control. This corresponds to an estimated input of 6200 and 58 
potential hGE templates, respectively. The coverage uniformity was 
superior in the library made from the highest number of potential 
templates (Fig. 4A). 

3.3. DNA fragmentation assessment helps to evaluate the NGS analytic 
sensitivity 

We examined the impact of input DNA amount on the detection of 
mutations in six representative libraries made from variable DNA 
amounts (Table 1; results from all 116 samples are presented in the 

Fig. 2. Mean unique coverage for each of the 116 libraries versus A) the amount of input DNA measured by fluorometry and B) the amount of amplifiable hGE 
templates measured by qPCR. All reads passing the quality filters were analyzed, and the color shows the number of reads analyzed in each sample. In fig. A, the point 
size increases with increased fragmentation degree of the input DNA. 
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supplementary table). The libraries 237 and 841 were prepared from 
approximately 100 ng DNA. The mean read coverage in the panel target 
region (calculated without using the UMIs) was comparable between the 
two samples. This similarity indicates comparable analytical sensitivity. 
However, the estimated number of input hGEs for each library differed 
considerably (21 in 237 vs. 26,855 in 841). As a result, the mean number 
of duplicates per UMI family in library 237 was much higher (34.4 
compared to 4.7 in library 841). Therefore, the validity of a low fre-
quency variant in a library such as library 237 in our cohort should be 
carefully evaluated, especially if UMIs are not incorporated. 

Fragmentation assessment further enabled evaluation of whether a 
mutation-negative sample was likely a true negative. Data analysis of 
libraries 29 and 837 shown in Table 1 resulted in no detected mutations. 
Considering the number of input hGEs, rather than the mean read 

coverage, it is likely that sample 837 is a true negative sample, while we 
cannot rule out that the analysis of sample 29 represents a false negative 
result. Without UMIs or awareness of the DNA fragmentation degree, it 
would not be possible to accurately evaluate an apparently negative 
result. 

We observed that the mean unique coverage was higher than the 
estimated input of hGE templates in some libraries (Table 1). This 
discrepancy suggests that a significant number of hGE templates of 
shorter fragment lengths than 300 bp were available for amplification in 
these samples. When using the additional assay with a 150 bp fragment 
to analyze a subset of the FFPE DNA samples, we observed that the 
number of 150 bp templates was up to a 10-fold higher than the number 
of 300 bp templates (data not shown). On the other hand, e.g. libraries 
841 and 837 had lower unique coverage than the estimated input of hGE 

Fig. 3. Mean number of duplicates per UMI family in each of the 116 libraries versus A) the amount of total input DNA and B) the amount of amplifiable input DNA. 
All reads passing the quality filters were analyzed, and the color shows the number of reads analyzed in each sample. In fig. A, the point size increases with increased 
fragmentation degree of the input DNA. 

A.L. Ottestad et al.                                                                                                                                                                                                                             



Experimental and Molecular Pathology 126 (2022) 104771

6

templates; this suggests that too much input DNA may decrease the 
number of duplicates per UMI family and consequently reduces 
complexity. 

4. Discussion 

The challenge of using FFPE DNA for NGS analyses in clinical prac-
tice is ensuring a sufficient amount and quality of input DNA. There is 
often less input DNA available than optimal. It is, however, possible to 
generate an NGS library from as little as a few nanograms of FFPE DNA 
by using amplicon-based enrichment. For such samples, ensuring suffi-
cient library complexity is necessary for precisely interpreting whether 
variants with low frequency are truly present or not. 

In this study, we calculated the potentially amplifiable hGEs for NGS 
library by assessing the fragmentation degree of FFPE DNA using a qPCR 
method. We incorporated UMIs and constructed NGS libraries from 116 
lung cancer FFPE DNA samples. We did not exclude the samples with 
lower amounts of available input DNA as recommended by the 

manufacturer. Using UMIs enabled us to trace the DNA fragment in the 
original input DNA and evaluate the complexity of each library. We then 
demonstrated that, for libraries prepared with FFPE DNA, increasing 
input DNA amount would help to increase such complexity, but only 
when adjusting for amplifiable hGEs in each sample. 

By comparing the NGS results of libraries constructed with different 
amounts of cell line derived DNA, McNulty et al. showed that higher 
input DNA amounts provide higher NGS library complexity (McNulty 
et al., 2020). In our study, we found similar associations when the input 
DNA amount from FFPE tissue was measured as the number of potential 
hGE templates. Libraries made from higher amounts of input hGE had 
higher library complexity in terms of higher mean unique coverage, 
higher coverage uniformity and fewer duplicates per UMI family. 
However, if input FFPE DNA was fragmented to such a degree that few 
hGEs were available, the library complexity did not necessarily increase 
with higher input FFPE DNA amount measured in nanograms. Libraries 
made from a low number of hGEs generated a comparable number of 
total reads as libraries made from a high number of hGEs, but many of 
the reads were duplicates belonging to the same UMI families. Dupli-
cates are necessary for error correction. However, Xu et al. concluded 
that four duplicates per UMI family are sufficient (Xu et al., 2017), 
suggesting that very high numbers of duplicates do not increase the li-
brary complexity. 

Others have also concluded that the DNA amount from FFPE samples 
measured in nanograms by either spectrophotometer or by fluorometer 
may not always represent the amount of amplifiable input DNA (hGEs) 
available for library preparation. Heydt et al. compared and evaluated 
the impact of five different DNA quantification methods on downstream 
amplicon-based NGS performance in order to find the best method to 
assess the quantity of input FFPE DNA (Heydt et al., 2014). Both spec-
trophotometric and fluorescent dye-based quantification systems and a 
qPCR method were used, and they found that the DNA concentration 
varied widely when using different methods. 

Heydt et al. constructed 24 libraries from two samples that were 
divided into four sets of different input DNA amounts. Each set consisted 
of three solutions with the same amount of DNA calculated by three 
different methods. In contrast to our results, they found that the mean 
read coverage and number of called variants were comparable inde-
pendent of the quantification method. Their results are not necessarily 
comparable to our findings since they did not use molecular barcodes to 
label their input DNA or assess mean unique coverage; instead, they used 
read coverage as the quality metric. As we have shown, PCR can 
generate high amounts of duplicates even from low amounts of input 
DNA and consequently, high mean coverage. 

In this study, most FFPE DNA samples (72%) were more than 10-fold 
fragmented compared to the non-fragmented control DNA. Further-
more, the fragmentation degree of FFPE DNA varied considerably be-
tween samples, underscoring the need to evaluate fragmentation of each 
sample. We believe that unknown and low quantities of amplifiable 
input DNA might be one reason for failed NGS which is frequently re-
ported in studies involving clinical FFPE tissue samples (Flaherty et al., 
2020; Middleton et al., 2020; Stockley et al., 2016). 

We observed that the mean unique coverage varied between libraries 
generated from similar amounts of hGEs in input DNA. One explanation 
might be the different fragmentation degree of fragments shorter than 
300 bp. It may also indicate that fragmentation alone might not affect 
complexity (Hedegaard et al., 2014), and that other FFPE-related DNA 
modification factors might impede efficient library generation. 

Our study demonstrated several benefits of assessing the available 
amount of amplifiable input DNA for NGS. First, we show that the 
number of amplifiable hGE can vary considerably between FFPE DNA 
samples with the same DNA amount in nanograms. Second, we show 
that the amount of hGEs better predicts library complexity than the 
amount of input DNA in nanogram. Third, assessing fragmentation is 
valuable when interpreting NGS data, especially for the samples with 
low yields and poor quality, since the risk of both false positive and false 

Fig. 4. The coverage uniformity in two libraries made from 100 ng input DNA. 
The graphs show the mean unique coverage for each gene covered by the 
QIAseq Human Actionable Solid Tumor panel. The red line indicates the mean 
unique coverage for the whole target region in each library. The fragmentation 
degree varied in the input DNA used to prepare the libraries. The library in fig. 
A) was prepared using 6200 potential hGE templates. The library in fig. B) was 
prepared using 58 potential hGE templates. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of 
this article.) 
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negative variant calling increases. Therefore, a successful NGS library 
requires input DNA amount that is neither too low nor too large, and 
with a predefined amount of amplifiable hGE. 

The most obvious approach to overcome challenges due to high 
fragmentation is to add more input DNA, but this is not always possible. 
For example, biopsies from lung cancer tumors are often small, espe-
cially those that are obtained through bronchoscopy. Our results indi-
cate that when more DNA cannot be analyzed, it is important to be 
aware of how the hGE content in input DNA might influence the library 
complexity and potentially help in interpreting the variant call and 
avoid false positives or negatives. 
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A B S T R A C T   

Introduction: Studies have indicated that detection of mutated KRAS or EGFR in circulating tumor DNA (ctDNA) 
from pre-treatment plasma samples is a negative prognostic factor for non-small cell lung cancer (NSCLC) pa-
tients. This study aims to investigate whether this is the case also for NSCLC patients with other tumor mutations. 
Methods: Tumor tissue DNA from 107 NSCLC patients was sequenced and corresponding pre-treatment plasma 
samples were analyzed using a limited target next-generation sequencing approach validated in this study. Pa-
tients without detected mutations in tumor samples were excluded from further analyses. 
Results: Mutations were detected in tumor samples from 71 patients. Median age was 68 years, 51% were female, 
and 88% were current/former smokers, 91% had adenocarcinoma, 4% had squamous cell carcinoma and 6% had 
other NSCLC. The distribution between stage I, II, III and IV was 33%, 8%, 30%, and 29%, respectively. Between 
one and three tumor mutation(s) were detected in ctDNA from corresponding plasma samples. Patients with 
detected ctDNA had shorter PFS (9.6 vs. 41.3 months, HR: 2.9, 95% CI: 1.6–5.2, p = 0.0003) and OS (13.6 vs. 
115.0 months, HR: 4.0, 95% CI: 2.1–7.6, p = 0.00002) than patients without detected ctDNA. ctDNA remained a 
significant negative prognostic factor for OS (HR: 2.5, 95% CI: 1.1-5.7, p=0.0327), but not PFS, in the multi-
variable analyses adjusting for baseline patient and disease characteristics including stage of disease. 
Conclusions: This study adds further evidence supporting that detectable tumor mutations in cfDNA is associated 
with a worse prognosis in NSCLC harboring a variety of tumor mutations.   

Introduction 

The treatment for patients with non-small cell lung cancer (NSCLC) is 
mainly recommended based on assessment of TNM stage of disease, 
molecular markers, WHO performance status, and comorbidities [1, 2]. 
Even if the TNM staging system is based on growing databases and has 
become more detailed in recent years, patients with the same TNM stage 
receiving similar treatment still have different outcomes [3]. 

Circulating tumor DNA (ctDNA) originates in tumor cells and leaks 
into the circulation [4]. Studies indicate that detection of ctDNA by 
identification of tumor mutations in plasma collected before treatment is 
a negative prognostic factor for patients with lung adenocarcinoma 
[5–7]. Most studies, including one by our group [8], have investigated 

NSCLC patients with mutations in KRAS or EGFR. Notably, most NSCLC 
patients harbor other mutations than KRAS or EGFR, and the mutation 
spectrum is heterogeneous between patients [9,10]. ctDNA accounts for 
a minority of total cell-free DNA (cfDNA) found in plasma and requires 
sensitive methods for its detection [11]. Droplet digital polymerase 
chain reaction (ddPCR) is a highly sensitive method for detecting mu-
tations in cfDNA, but it is laborious to analyze samples with different 
genes. Next-generation sequencing (NGS) allows analysis of any number 
of genes in each sample and enables analysis of different genes in several 
samples simultaneously. However, NGS is rather expensive since the 
detection of low-frequency mutations requires high genome coverage. 
The cost also depends on the number of target regions, i.e., the number 
of genes or mutations screened. To keep the costs at an acceptable level, 
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we tested and validated an approach to limit the number of target re-
gions in cfDNA to the region(s) found to contain a mutation in the pa-
tients’ tumor tissue DNA. 

The main aim of this study was to investigate whether detectable 
ctDNA in a pretreatment plasma sample was associated with 
progression-free survival (PFS) and overall survival (OS) in NSCLC pa-
tients with a minimum of one mutation in their tumor DNA using this 
targeted NGS approach. 

Methods 

Patients and approval 

This study was approved by the Regional Committee for Medical and 
Health Research Ethics (REC) in Central Norway. Patients were included 
in our regional research biobank, Biobank1, approved by the REC in 
Central Norway, the Ministry of Health and Care Services, and the 
Norwegian Data Protection Authority. Participants are over 18 years old 
and have given written informed consent. 

One hundred and seven patients registered as having adenocarci-
noma, diagnosed between March 2007 and April 2018, were included. 
These were the patients registered with adenocarcinomas in our biobank 
from which tumor tissue and pretreatment plasma samples were avail-
able for analyses. Patients with a tumor mutation in KRAS codon 12/13 
included in another study were excluded from this study [10]. We 
considered this sample size and follow-up time sufficient for this 
exploratory study. All tumor specimens were reviewed and classified 
according to the WHO 2015 classification system. The disease stage was 
assessed according to the Eighth Edition of the TNM Classification of 
lung cancer [14]. 

Test and validation of limited target next-generation sequencing 

We used NGS to analyze mutations in plasma cfDNA that were pre-
viously found in the patient’s tumor DNA. A limited number of target 
regions in cfDNA covering the positions of the identified tumor mutation 
(s) were sequenced by selecting a set of region-specific primers for each 
patient. Before analyzing patient cfDNA samples, we tested if this 
approach was feasible. The sensitivity of the NGS approach was inves-
tigated by sequencing constructed DNA solutions with different mutant 
allele frequencies of a KRAS mutation. ddPCR was used to validate NGS 
results from the constructed DNA solutions and nine cfDNA samples 
from KRAS mutated NSCLC patients. 

We obtained a KRAS G12C positive formalin-fixed paraffin- 
embedded (FFPE) tumor sample with a known mutant allele frequency 
(MAF) of 9%. We composed four KRAS G12C DNA solutions with 
defined MAF of 1.15%, 0.17%, 0.016%, and 0.0016%, respectively, by 
diluting the tumor DNA with peripheral blood DNA from the same pa-
tient. In this way, we artificially constructed DNA solutions imitating 
cfDNA samples with known concentrations of ctDNA. 

NGS libraries were made using 40–48 ng DNA and reagents from 
QIAseq Human Targeted DNA panel (Qiagen, Hilden, Germany) except 
the primer mix. In brief, DNA was fragmented, end-repaired, and a- 
tailed followed by ligation to a 5′ adapter. Adapters contained a unique 
molecular index (UMI) that provided a unique tag for all original DNA 
fragments. The ligated fragments were purified, and the region of in-
terest was selected by PCR using an adapter primer and a 1 nM solution 
of region-specific primers with a 5′ universal sequence. The concentra-
tion of gene-specific primers highly exceeded the concentration of input 
genomic DNA in the hybridization reaction, ensuring that complemen-
tary DNA was formed from all available genomic templates. The PCR 
products were then purified and amplified in a second PCR using an 
adapter primer and a primer complementary to the universal sequence. 
Libraries were sequenced using the MiSeq platform (Illumina, San 
Diego, CA). 

NGS mutation analysis was performed using CLC Biomedical 

Workbench v.20.0 (Qiagen, Hilden, Germany) with a ready-to-use 
workflow for QIAseq Targeted DNA panels. Following mapping reads 
to the genome, any reads outside the region of interest were excluded. 
Two or more reads with the same UMI were grouped into a “UMI fam-
ily.” Single reads with no duplicates were discarded. Variants were 
called if 75% of duplicates in a UMI family contained the variant. Only 
the position of the mutation of interest was considered. A solution was 
classified as “mutation detected” if KRAS G12C was detected in at least 
one big UMI family, defined as a family made from ≥ 4 duplicates. 
ddPCR (Bio-Rad Laboratories, Hercules, CA) was performed using 
40–48 ng constructed cfDNA. NGS was carried out in duplicates and 
these duplicate solutions were analyzed by ddPCR in quadruplicates. 
Patient cfDNA was analyzed in triplicates by ddPCR. 

Tumor DNa sequencing and region selection 

Tumor DNA was isolated from diagnostic FFPE tumor tissue using 
QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) and sequenced 
using QIAseq Human Actionable Solid Tumor panel (Qiagen, Hilden, 
Germany). This panel covered the whole coding region of the genes 
ERBB2, PIK3CA, and TP53, the exons of BRAF, EGFR, KIT, KRAS, NRAS, 
and PDGFRA, and hotspots in AKT1, ALK, CTNNB1, ERBB3, ESR1, 
FOXL2, GNA11, GNAQ, IDH1, IDH2, MET, RAF1, and RET. Theoretically, 
this panel enables the detection of at least one mutation in about 65% of 
adenocarcinoma tumors and more than 80% of squamous cell carcinoma 
tumors [9,10]. 

Bioinformatic analysis was performed using CLC Genomic Work-
bench 20.0 (Qiagen, Hilden, Germany) with a ready-to-use workflow for 
QIAseq Targeted DNA panels. Variants were classified as a mutation if 
the variant was non-synonymous with a MAF of at least 5%. Patients 
without detected tumor mutation were excluded from further analyses. 

For each tumor mutation, we identified the primers used to amplify 
the region with the mutation. A 5′ universal sequence was added to all 
primers, and the primers were synthesized by Eurogentec (Liège, 
Belgium). 

Patient cfDNA extraction 

Plasma samples from the 71 patients with at least one detected tumor 
tissue mutation were analyzed. The median time from blood draw to 
tissue biopsy was one day (range 0–213). At blood draw, plasma was 
prepared from 10 mL whole blood with EDTA or citrate anticoagulant. 
Within two hours of sampling, the blood samples were either centri-
fuged once at 2500x g for 10 min or first at 1500x g for 15 min, and then 
at 10,000x g for 10 min. Plasma was transferred to cryotubes and stored 
at -80 ◦C. cfDNA was isolated using QIAamp Circulating Nucleic Acid kit 
(Qiagen, Hilden, Germany) from 1.6 to 6 mL plasma and eluted in 50 uL 
of the supplied buffer. DNA concentration was measured by Qubit® 
(Thermo Fisher Scientific, Waltham, MA), using the dsDNA HS Assay 
Kit. 

cfDNA analyses by limited target NGS 

NGS libraries were made using a variable amount of cfDNA 
(5.3–72.5 ng) and as described for the constructed samples. In 63 sam-
ples, primers were added to target one region (i.e., one mutation). Two 
regions were targeted in eight samples and three regions were targeted 
in three samples. The goal was to achieve the same genomic coverage at 
each target region in all samples. Therefore, when libraries were pooled 
before sequencing, we doubled the library amount from the eight sam-
ples with two targets. Similarly, we tripled the amount of the libraries 
with three targets. The number of libraries in each pool was adjusted to 
generate 700–800,000 reads per target using the MiSeq v3 platform 
(Illumina, San Diego, CA). NGS data were analyzed as described for the 
constructed DNA solutions. 
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Statistics 

PFS was defined as the number of days from lung cancer diagnosis 
until progression or death of any cause. OS was defined as the number of 
days from diagnosis until death of any cause. Patients were treated and 
followed according to local routines. The median follow-up time for PFS 
and OS were estimated using the reverse Kaplan–Meier method, and the 
median PFS and OS were estimated using the Kaplan-Meier method. 
Survival analyses were performed using Cox proportional hazard 
models. The multivariable model was adjusted for sex, age, WHO per-
formance status (PS), and disease stage. The threshold for statistical 
significance was set at 0.05. All statistical analyses were performed 
using R (version 3.6.1). 

Results 

Patient characteristics 

A summary of patient characteristics is presented in Table 1. The 
median age was 68 years (range 48–86), 54 (51%) were female, and 94 
(88%) were current or former smokers, 97 patients (91%) had adeno-
carcinoma, four (4%) had squamous cell carcinoma, one (1%) had 
adenosquamous carcinoma, and five (5%) had NSCLC not otherwise 
specified. Thirty-five patients (33%) had stage I disease, nine (8%) stage 
II, 32 (30%) stage III, and 31 (29%) stage IV. Individual patient char-
acteristics are presented in Table A1. 

Validation of limited target NGS 

The strategy for ctDNA detection was to use NGS to only analyze for 
mutations found in the patients’ tumor DNA. The performance of this 
limited target NGS approach was explored by constructing four solutions 
made to mimic cfDNA with theoretical MAF of KRAS G12C at 1.15%, 

0.17%, 0.016%, and 0.0016% that were analyzed by both NGS and 
ddPCR. Comparable results were obtained in the solutions with MAFs 
1.15% and 0.17% (Fig. 1A). In addition, the mutation in the solution 
with MAF 0.0016% was detected using ddPCR. While the input DNA 
amount was similar in both NGS and ddPCR, the number of unique 
human genome equivalents (hGEs) analyzed by NGS was 5600–8070 
compared to 10,580–17,774 by ddPCR. The partitioning of DNA in 
ddPCR likely contributed to superior sensitivity. 

We proceeded to analyze cfDNA from nine patients with KRAS- 
mutated tumors using both NGS and ddPCR, and comparable results 
were obtained by the two techniques. An excellent correlation was 
observed between the observed MAFs by NGS and ddPCR in the con-
structed solutions and patient samples together (adjusted R2 = 0.9944, p 
= 2.2 × 10−16) (Fig. 1B). Concordant results between NGS and ddPCR 
were observed in all samples except one, where a mutation was detected 
with MAF 0.17% by NGS but not detected by ddPCR. This may be 
attributed to the different strategies for target amplification. In NGS, 
amplification required only one target-specific primer to bind to DNA 
while ddPCR required two. Consequently, short DNA fragments that did 
not contain both primer sites would not be amplified and analyzed. 

Although we did not validate the efficiency for the primers of non- 
KRAS genes for the NGS analysis of cfDNA specifically, we reasoned 
from NGS data of tumor DNA that all available genomic templates in 
cfDNA were converted to complementary DNA when an excess of gene- 
specific primers were used in the first step of the hybridization reactions. 
The primers used in the following PCR reactions were the same for the 
KRAS and non-KRAS genes which ensured similar sensitivity of mutation 
detection for all genes. 

Tumor DNA mutation detection and region selection 

At least one tumor mutation was detected in 71 patients (66%). One 
mutation was detected in 60 patients, two mutations in nine patients, 
and three mutations in two patients. The 85 mutations were detected in 
the genes TP53 (54%), EGFR (14%), KRAS (12%), PIK3CA (9%), BRAF 
(4%), ERBB2 (1%), ALK (1%), ERBB3 (1%), NRAS (1%), PDGFRA (1%) 
and RAF1 (1%). The specific tumor mutations are listed in Table A.2. For 
each tumor mutation, we identified the panel primers flanking the 
mutated region. Between one and nine target-specific primers were 
selected for each patient. 

Detection of ctDNA by limited target NGS 

NGS libraries were made using 1620–21,982 hGEs (median 6482) 
and target-specific primers determined by the tumor DNA sequencing. 
One mutation (i.e., one region) was targeted in cfDNA from 61 patients, 
two mutations in seven patients, and three mutations in three patients. 
(Accidently, only one region was targeted in the plasma sample from 
patient 45 with two detected mutations in the tumor). 

The number of UMI families that covered the position of the tumor 
mutation ranged from 266 to 5955 (median 973). One UMI family 
represents one hGE from the original sample. On average, the number of 
UMI families was 22% of the number of hGE used for library preparation 
(range 2−71%). The loss of hGEs was greater than the loss observed in 
the constructed solutions (̴50%). cfDNA is more fragmented and consists 
of shorter fragments than DNA from whole blood that was used to 
construct the artificial cfDNA. Therefore, fewer DNA molecules may 
have been available for the first PCR with gene-specific primer binding 
in the patient cfDNA samples which contributes to a greater loss. 

At least one tumor mutation first detected in tumor DNA was also 
detected in corresponding cfDNA samples from 29/71 patients (41%). In 
total, 32 such mutations were detected with MAFs between 0.05% and 
65.7% (median 1.8%). The mutation with MAF 65.7% was an exon 20 
insertion in EGFR in a sample where another mutation in TP53 with MAF 
6.3% was detected. We believe that the high MAF was most likely caused 
by an an amplification of the EGFR gene in the tumor, since this 

Table 1 
Patient characteristics.   

All 
patients 
(n = 107) 

Patients 
included for 
cfDNA 
analyses (n =
71) 

Patients 
with 
detected 
ctDNA (n =
29) 

Patients 
without 
detected 
ctDNA (n =
42)  

Number 
(%) 

Number (%) Number (%) Number (%) 

Age (median, 
range) 

68 
(48–86) 

68 (50–86) 66 (50–81) 69 (54–86) 

Sex     
Female 54 (50) 38 (54) 16 (55) 22 (52) 
Male 53 (50) 33 (46) 13 (45) 20 (48) 
Smoking history     
Never-smoker 13 (12) 10 (14) 3 (10) 7 (17) 
Current or former 

smoker 
94 (88) 61 (86) 26 (90) 35 (83) 

Histology     
Adenocarcinoma 97 (91) 65 (92) 26 (90) 39 (93) 
Squamous cell 

carcinoma 
4 (4) 3 (4) 2 (7) 1 (2) 

Adenosquamous 
carcinoma 

1 (1) 1 (1) 0 1 (2) 

NSCLC–NOS 5 (5) 2 (3) 1 (3) 1 (2) 
PS     
0 59 (55) 41 (58) 13 (45) 28 (67) 
1 40 (37) 26 (37) 12 (41) 14 (33) 
2 8 (8) 4 (6) 4 (14) 0 
Disease stage     
I 35 (33) 24 (34) 1 (3) 23 (55) 
II 9 (8) 7 (10) 2 (7) 5 (12) 
III 32 (30) 20 (28) 15 (52) 5 (12) 
IV 31 (29) 20 (28) 11 (38) 9 (21) 

NSCLC–NOS: non-small cell lung cancer – not otherwise specified, PS: WHO 
performance status. 
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mutation has consistently been reported to be a tumor-associated mu-
tation in NSCLC and is often amplified (although a germline mutation 
cannot be ruled out since we did not sequence normal DNA from our 
patients). For the other samples, the MAFs ranged from 0.05% to 24.5%. 
Individual mutation data are listed in Table A.2. 

In 8/10 cfDNA samples where more than one region was targeted, 
either all or none of the tumor mutations were detected. In 2/10 patients 
(patients 21 and 22), only one mutation was detected in each sample. 
ctDNA was detected in 1/24 (4%) patients with stage I, 2/7 (29%) with 
stage II, 15/20 (75%) with stage III, and 11/20 (55%) with stage IV 
disease. 

Association between ctDNA detection and progression-free survival (PFS) 

Median follow-up time for PFS was 88.7 months (95% CI: 
45.2–105.9) and 23 patients were alive and relapse-free at the time of 
data analysis in November 2020. Overall, the median PFS was 17.5 
months (95% CI: 7.6–126.2). Median PFS was significantly shorter for 
patients with detected ctDNA than for those without detected ctDNA 

(9.6 months vs. 41.3 months, HR: 2.9, 95% CI: 1.6–5.2, p = 0.000325) 
(Fig. 2A). In the multivariable analysis, PS and disease stage, but not 
detectable ctDNA, were significantly associated with PFS (Table 2). In 
terms of two-year PFS, 83% of patients with detected ctDNA relapsed or 
died within two years, compared to 38% of patients without detected 
ctDNA. 

Association between ctDNA detection and overall survival (OS) 

Median follow-up time for OS was 65.6 months (95% CI 45.2–106.0) 
and 28 patients were alive at the time of data analysis. Overall, the 
median OS was 27.5 months (95% CI: 13.0–126.2). Median OS was 
significantly shorter for patients with detected ctDNA than for patients 
without (13.6 months vs. 115.0 months (HR: 4.0, 95% CI: 2.1–7.6, p =
0.0000201) (Fig. 2B). The multivariable analysis showed that detected 
ctDNA, stage IV and PS 2 were significant, negative prognostic factors 
(Table 2). 

Fig. 1. To test the limited target NGS method, we constructed cfDNA solutions and patient cfDNA samples that were analyzed by both NGS and ddPCR. (A) Four DNA 
solutions were constructed to mimic cfDNA with KRAS G12C mutation with MAF 1.15%, 0.17%, 0.016%, and 0.0016%. Each solution was analyzed in duplicates. 
The horizontal line represents the theoretical MAF. (B) MAF of KRAS codon 12 mutations in nine patient cfDNA samples analyzed by both NGS and ddPCR. The 
mutation was detected in five samples and undetected by both technologies in four samples. cfDNA: circulating cell-free DNA, ddPCR: droplet digital polymerase 
chain reaction, NGS: next-generation sequencing, MAF: mutant allele frequency. 

Fig. 2. Kaplan-Meier plot for (A) progression-free survival and (B) overall survival. CI: confidence interval, ctDNA: circulating tumor DNA, HR: hazard ratio.  

A.L. Ottestad et al.                                                                                                                                                                                                                             



Cancer Treatment and Research Communications 29 (2021) 100471

5

Discussion 

In this study of 107 patients with all stages of NSCLC, we detected 
tumor mutation(s) in 66% of the samples, and when sequencing corre-
sponding pre-treatment plasma samples from these 71 patients, we 
detected the same mutation(s) in 41% of patients. We found that 
detection of ctDNA in plasma was significantly associated with shorter 
PFS and OS in the univariable analyses, and ctDNA remained a signifi-
cant negative prognostic factor for OS in the multivariable analyses. 

There are several other studies of the prognostic role of ctDNA in 
NSCLC. Pavan et al. found that TP53 mutations in plasma detected by 
NGS, the most commonly detected mutation in ctDNA in our cohort, 
negatively affected survival both in NSCLC patients who received im-
mune checkpoint inhibitor therapy and those who did not [13]. 
Michaelidou et al. used ddPCR to analyze KRAS mutations in cfDNA 
from 114 advanced NSCLC patients with tumor KRAS status either 
mutated, wild-type, or unknown, and found detection of mutated KRAS 
in ctDNA to be significantly associated with both PFS and OS [5]. In a 
previous study by our group, we used ddPCR to analyze matching tumor 
and plasma samples from 60 patients with known KRAS mutations and 
found that detectable KRAS in cfDNA was significantly associated with 
both PFS and OS [8]. Peng et al. found similar associations by 
sequencing both tumor tissue and cfDNA from 77 patients with resect-
able NSCLC using a 127-gene panel [6]. Mardinian et al. used NGS to 
analyze KRAS mutations both in tumor tissue and cfDNA from 433 pa-
tients with various cancer types, including NSCLC, and found a signifi-
cant association between ctDNA detection and shorter OS [7]. 
Interestingly, they also showed that the value of ctDNA as a prognostic 
marker was greater when KRAS mutation was detected in both tumor 
tissue and cfDNA, compared to either sample type alone. 

However, results are not uniform across all studies. In a study of 58 
KRAS-mutated NSCLC patients, detection of KRAS in cfDNA was not 
associated with shorter PFS [12], while two recent studies found similar 
associations as we report here [5,6]. These studies also observed an 
independent prognostic association between ctDNA detection and PFS. 
Differences in patient selection with respect to histology and disease 
stage, and frequency of computed tomography evaluation might explain 
why results differ. 

The main limitation of all these studies, including ours, is the sample 
sizes, and in particular the number of patients with low disease stage and 
detectable ctDNA was too low to draw firm conclusions. Another limi-
tation is that we only detected tumor mutations in 71 of the 107 patients 
included in our study. A broader NGS panel or sampling tissue from 
different parts of the tumors might increase the mutation detection rate, 

but the latter is limited by the access to routinely obtained tissue. 
Analyzing a panel of genes in cfDNA alone could overcome the above- 
mentioned challenges associated with tumor tissue analysis. On the 
other hand, limiting the cfDNA analysis to known tumor mutations re-
duces the chance of detecting false positives in cfDNA. The NGS 
approach applied in this study was a cost-efficient method for analyses 
of tumor mutations in cfDNA. In the study by Peng et al. using a 127- 
gene panel, 1.2 mutations were on average detected in the tumor sam-
ples. cfDNA was analyzed for the matching mutations using the same 
127-gene panel, which demonstrates that large panel sequencing of 
cfDNA generates a myriad of uninformative data [6]. 

Another potential limitation is that we did not assess total tumor 
volume, which has been shown to be associated with presence of ctDNA 
[14]. Thus, we cannot rule out that presence of ctDNA is a surrogate 
marker for large total tumor volume in our cohort. On the other hand, 
the impact of tumor volume varies with TNM stage and treatment, and 
tumor volume is not routinely assessed in the clinic. 

This was a retrospective study and patients were included in the 
biobank over a long time period, and there was a large variation in time 
from plasma samples were collected until biopsies were obtained. There 
were major changes in diagnostic workup during this period (e.g. PET 
CT for staging of disease and reflex-testing for EGFR-mutations and ALK- 
rearrangements were introduced during this period). Furthermore, there 
was no standardized schedule for follow-up or imaging. In general, pa-
tients with advanced disease are followed more closely than patients 
who have undergone potentially curative treatment. We also did not 
adjust for treatment. Treatment is strongly correlated with disease stage, 
each treatment group was very small, there were major changes in 
treatment policy and the number of available therapies increased 
rapidly during the period patients were included in the biobank. The 
influence of treatment is especially relevant for those who have target-
able mutations, but not all patients respond to targeted therapy, and 
there is a large variation in treatment response and response duration for 
all administered therapies. These differences in diagnostic workup, 
follow-up and treatment may explain why detection of ctDNA did not 
remain a significant prognostic factor for PFS in the multivariable 
analysis, and why there was no statistically significant difference in PFS 
or OS between the few stage II patients and stage I patients in the 
multivariable analyses in Table 2, and only a trend towards differences 
between stage III and stage I patients. 

A challenge for any detection technology is the low amount of cfDNA 
that is available from a plasma sample. This is especially an issue when 
there is additional loss of DNA in preparation for NGS. We observed a 
50% loss in the solutions of constructed cfDNA, and a bigger loss in the 
patient cfDNA samples (median 78% loss). In contrast, we observed 
almost no loss in ddPCR. When analyzing the constructed solutions, we 
observed comparable performance of the NGS approach to ddPCR but 
cannot rule out that the loss in preparation for NGS led to a lower 
detection rate than if we had used ddPCR for analyzing the patient 
samples. The most important reason for using NGS is the ability to detect 
various mutations in several samples simultaneously. Except for KRAS 
and EGFR, only six pairs of patients in our study shared the same point 
mutation. Furthermore, the cfDNA amount is limited by the available 
plasma volume. Using an NGS panel enables analysis of several muta-
tions in cfDNA without requiring larger plasma volumes and increases 
the likelihood of detecting at least one mutation [15]. This was the case 
for two patients in this study, in which one out of two or three mutations 
was detected in cfDNA. 

Our results add further evidence supporting that detection of tumor 
mutations in cfDNA is associated with a worse prognosis in NSCLC. A 
prominent feature of our study is that it suggests that this association is 
not limited to EGFR or KRAS. Furthermore, it shows that a small, 
customized NGS panel may be used for the analysis of cfDNA, which has 
important implications for feasibility in routine clinical practice. The use 
of a customized NGS panel increases the sensitivity of detecting ctDNA 
and reduces the risk of false positives, but the requirement of analyzable 

Table 2 
Cox multivariable model for PFS and OS. Statistically significant values are given 
in bold.   

Progression-free survival Overall survival  
Hazard-ratio 
(95% CI) 

p-value Hazard-ratio 
(95% CI) 

p-value 

Sex (male vs 
female) 

0.94 
(0.52–1.70) 

0.827 0.91 
(0.48–1.74) 

0.785 

Age 1.02 
(0.98–1.06) 

0.227 1.03 
(0.99–1.07) 

0.160 

Stage II vs I 1.07 
(0.28–4.13) 

0.920 1.16 
(0.21–6.33) 

0.865 

Stage III vs I 2.68 
(0.97–7.35) 

0.0562 3.13 
(0.90–10.91) 

0.0727 

Stage IV vs I 7.00 
(2.81–17.40) 

0.0000286 9.56 
(3.19–28.67) 

0.0000555 

PS (2 vs 1/0) 13.07 
(2.59–66.00) 

0.00185 10.31 
(2.09–50.92) 

0.00421 

Detection of 
ctDNA 

1.58 
(0.75–3.32) 

0.227 2.49 
(1.08–5.74) 

0.0327 

CI: confidence interval, ctDNA: circulating tumor DNA, PS: WHO performance 
status. 
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tumor samples limits the use of this approach. Larger prospective clin-
ical trials are necessary to fully explore the clinical value of cfDNA an-
alyses, and several other issues need to be addressed; in general, there is 
a lack of standardized methods for cfDNA analyses, plasma collection/ 
processing/storage, data interpretation and definition of relevant mu-
tations. Finally, the mechanisms explaining why ctDNA is a negative 
prognostic factor should be explored. 

In conclusion, we found that detectable ctDNA was a negative 
prognostic factor in NSCLC patients with various tumor mutation 
spectrums. 
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Corrected figures for paper III –  
 
Associations between tumor mutations in cfDNA and survival in non-small 
cell lung cancer 
 
 

  
Figure 2: Kaplan-Meier plot for (A) progression-free survival and (B) overall survival. The color 
legend was incorrect (opposite) in the published version of the article. CI: confidence interval, 
ctDNA: circulating tumor DNA, HR: hazard ratio  

 
 



Patient Sex
Age at 
diagnosis Histology

Disease 
stage

Smoker/ 
former 
smoker

WHO 
performance 
status

No. of 
mutations 
detected in 
tumor DNA

1 Male 62 Adenocarcinoma IVA Yes 1 0
2 Female 56 Adenocarcinoma IB Yes 0 1
3 Female 79 Squamous cell carcinoma IIIA Yes 2 1
4 Male 79 Adenocarcinoma IVB Yes 1 1
5 Male 66 Adenocarcinoma IVB Yes 1 1
6 Male 79 Squamous cell carcinoma IVA Yes 1 0
7 Female 62 Adenocarcinoma IIB Yes 0 0
8 Female 60 NSCLC-NOS IIIA Yes 1 1
9 Female 60 Adenocarcinoma IIIA Yes 1 0
10 Male 68 Adenocarcinoma IB Yes 0 1
11 Female 66 Adenocarcinoma IIIB Yes 1 0
12 Female 71 Adenocarcinoma IA Yes 1 2
13 Male 66 Adenocarcinoma IVA Yes 2 1
14 Female 62 Adenocarcinoma IVA No 0 2
15 Male 77 Adenocarcinoma IVB Yes 2 0
16 Male 60 Adenocarcinoma IA Yes 0 1
17 Male 60 Adenocarcinoma IA No 0 1
18 Male 73 Adenocarcinoma IVB Yes 2 0
19 Female 79 Adenocarcinoma IIIB Yes 2 0
20 Male 60 Adenocarcinoma IVB Yes 0 1
21 Female 65 Adenocarcinoma IB Yes 1 2
22 Female 66 Adenocarcinoma IIIA Yes 1 3
23 Male 61 Adenocarcinoma IIIB Yes 1 0
24 Male 61 Adenocarcinoma IVB Yes 1 0
25 Male 48 Adenocarcinoma IIB Yes 0 0
26 Female 57 Adenocarcinoma IVA Yes 0 0
27 Male 78 Adenocarcinoma IIIB Yes 0 0
28 Female 62 Adenocarcinoma IVA Yes 1 0
29 Male 62 Adenocarcinoma IB Yes 0 2
30 Female 71 Adenocarcinoma IVB Yes 1 1
31 Female 66 Adenocarcinoma IVA Yes 1 1
32 Male 69 Adenocarcinoma IVA Yes 0 0
33 Male 70 Adenocarcinoma IIIB Yes 0 0
34 Male 77 Adenocarcinoma IVA Yes 0 1
35 Male 63 Adenocarcinoma IIIB Yes 1 0
36 Female 68 Adenocarcinoma IB Yes 0 1
37 Male 81 NSCLC-NOS IB Yes 0 1
38 Male 79 Squamous cell carcinoma IIA Yes 0 1
39 Female 56 Adenocarcinoma IA No 0 1
40 Female 70 Adenocarcinoma IA Yes 0 1
41 Female 81 Adenocarcinoma IA Yes 0 1
42 Male 71 Adenocarcinoma IA Yes 0 0
43 Female 72 Adenocarcinoma IVA No 0 1
44 Male 81 Adenocarcinoma IA Yes 1 1
45 Female 57 Adenocarcinoma IVA No 0 2
46 Female 81 Adenocarcinoma IIIA Yes 1 1
47 Male 80 Adenocarcinoma IIIA Yes 0 0
48 Female 58 Adenocarcinoma IIA Yes 0 1
49 Female 63 Adenocarcinoma IA Yes 0 1
50 Female 81 Adenocarcinoma IIIA Yes 1 0
51 Male 69 Squamous cell carcinoma IIIB Yes 0 1
52 Male 73 Adenocarcinoma IA Yes 0 0

Table A1. Detailed patient characteristics



53 Female 63 Adenocarcinoma IIIB Yes 0 1
54 Male 58 Adenocarcinoma IVA Yes 0 1
55 Female 72 Adenocarcinoma IVB Yes 2 2
56 Male 74 Adenocarcinoma IVA Yes 2 1
57 Male 73 Adenocarcinoma IIIB Yes 0 1
58 Female 78 NSCLC-NOS IVA Yes 0 0
59 Male 75 Adenocarcinoma IVA Yes 1 1
60 Female 66 Adenocarcinoma IA No 2 0
61 Female 59 Adenocarcinoma IVB Yes 0 1
62 Male 80 Adenocarcinoma IIIA Yes 1 1
63 Female 70 Adenocarcinoma IB Yes 0 0
64 Male 82 Adenocarcinoma IVA Yes 1 0
65 Male 55 Adenocarcinoma IIIA Yes 0 0
66 Female 80 Adenocarcinoma IVA No 0 1
67 Male 58 Adenocarcinoma IA No 0 1
68 Male 67 Adenocarcinoma IVA Yes 1 2
69 Female 72 Adenocarcinoma IVA Yes 0 1
70 Female 65 NSCLC-NOS IIIB Yes 1 0
71 Male 52 Adenocarcinoma IIIA Yes 0 1
72 Male 67 Adenocarcinoma IA Yes 0 0
73 Female 81 Adenocarcinoma IIIA No 1 1
74 Female 64 Adenocarcinoma IB Yes 1 0
75 Female 50 Adenocarcinoma IVA Yes 1 1
76 Male 72 Adenocarcinoma IIIA Yes 1 1
77 Male 79 Adenocarcinoma IIIA Yes 1 1
78 Male 63 Adenocarcinoma IVA Yes 0 1
79 Female 69 Adenocarcinoma IB Yes 0 1
80 Female 56 Adenocarcinoma IIIB No 0 1
81 Male 81 Adenocarcinoma IIIA Yes 1 2
82 Female 77 Adenocarcinoma IIB Yes 1 1
83 Female 66 Adenocarcinoma IIIA Yes 1 1
84 Female 70 Adenocarcinoma IB Yes 0 1
85 Male 78 NSCLC-NOS IIIB Yes 1 0
86 Female 72 Adenocarcinoma IA No 0 0
87 Female 74 Adenocarcinoma IA Yes 1 0
88 Female 65 Adenocarcinoma IIIA Yes 0 1
89 Female 53 Adenocarcinoma IA Yes 0 0
90 Female 77 Adenocarcinoma IA No 0 0
91 Female 70 Adenosquamous carcinoma IA Yes 1 1
92 Male 70 Adenocarcinoma IIB Yes 0 1
93 Female 66 Adenocarcinoma IIB Yes 0 1
94 Male 72 Adenocarcinoma IIIA Yes 0 1
95 Male 65 Adenocarcinoma IIB Yes 1 1
96 Female 54 Adenocarcinoma IB Yes 0 1
97 Female 72 Adenocarcinoma IIIA Yes 1 1
98 Male 76 Adenocarcinoma IB Yes 1 1
99 Male 86 Adenocarcinoma IA Yes 1 1
100 Male 58 Adenocarcinoma IB Yes 0 3
101 Male 57 Adenocarcinoma IB Yes 0 1
102 Female 56 Adenocarcinoma IIIA No 0 3
103 Female 63 Adenocarcinoma IA Yes 1 1
104 Male 72 Adenocarcinoma IVA Yes 0 0
105 Male 66 Adenocarcinoma IB Yes 0 0
106 Female 70 Adenocarcinoma IIIA Yes 0 1
107 Male 59 Adenocarcinoma IIB Yes 0 1
NSCLC-NOS: non-small cell lung cancer - not otherwise specified
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Abstract 23 

Background 24 

The low level of circulating tumor DNA (ctDNA) in the blood is a well-known challenge for the 25 

application of liquid biopsies in early-stage non-small cell lung cancer (NSCLC) management. Studies 26 

of metastatic NSCLC indicate that ctDNA levels are associated with tumor metabolic activity as 27 

measured by 18F-fluorodeoxyglucose positron emission tomography (18F-FDG PET/CT). This study 28 

investigated this association in NSCLC patients considered for potentially curative treatment and 29 

explored whether the two methods provide independent prognostic information. 30 

Method 31 

Patients with stage I-III NSCLC who had routinely undergone an 18F-FDG PET/CT scan and 32 

exploratory ctDNA analyses were included. Tumor glucose uptake was measured by maximum 33 

standardized uptake value (SUVmax), metabolic tumor volume (MTV), and total lesion glycolysis 34 

(TLG) from the 18F-FDG PET/CT scans. ctDNA detectability and quantity, using variant allele 35 

frequency, were estimated by tumor-informed ctDNA analyses. 36 

Results 37 

In total, 63 patients (median age 70 years, 60 % women, and 90 % adenocarcinoma) were included. The 38 

tumor glucose uptake (SUVmax, MTV, and TLG) was significantly higher in patients with detectable 39 

ctDNA (n=19, p<0.001). The ctDNA quantity correlated with MTV (Spearman’s ρ=0.53, p=0.021) and 40 

TLG (Spearman’s ρ=0.56, p=0.013) but not with SUVmax (Spearman’s ρ=0.034, p=0.15). ctDNA 41 

detection was associated with shorter OS independent of MTV (HR: 2.70, 95% CI: 1.07-6.82, p=0.035) 42 

and TLG (HR: 2.63, 95% CI: 1.06-6.51, p=0.036). Patients with high tumor glucose uptake and 43 

detectable ctDNA had shorter OS and PFS than those without detectable ctDNA, though these 44 

associations were not statistically significant (p>0.05).  45 
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Conclusion 46 

There was a positive correlation between plasma ctDNA quantity and MTV and TLG in early-stage 47 

NSCLC patients. Despite the correlation, the results indicated that ctDNA detection was a negative 48 

prognostic factor independent of MTV and TLG.  49 

Keywords:  50 
18F-FDG PET/CT, circulating tumor DNA, non-small cell lung cancer, glucose metabolism, liquid 51 

biopsy 52 
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Introduction 94 

The analysis of tumor-specific mutations in circulating tumor DNA (ctDNA) can provide 95 

diagnostic and prognostic information in non-small cell lung cancer (NSCLC).[1] The low ctDNA 96 

quantity in plasma is, however, a well-known limitation of the utility of ctDNA analysis in NSCLC 97 

patients receiving potentially curative treatment.[2]  98 

Previous studies, including studies on NSCLC, have reported that high ctDNA quantity is 99 

associated with high tumor metabolic activity, which can be estimated by 18F-fluorodeoxyglucose 100 

positron emission tomography (18F-FDG PET/CT).[1, 3–12] By this method, the glucose uptake level 101 

in the tumor region is semi-quantified as the standardized uptake value (SUV), and used to identify 102 

malign lesions based on their higher-than-normal SUV. 18F-FDG PET/CT is routinely used to accurately 103 

assess the extent of disease in NSCLC patients eligible for potentially curative therapy, though the high 104 

normal glucose uptake in the brain limits the ability to detect brain metastases. In addition, the metabolic 105 

tumor volume (MTV) and total lesion glycolysis (TLG) can also be derived from the 18F-FDG PET/CT 106 

scans. The highest SUV in the lesion (SUVmax), MTV, and TLG are candidate prognostic factors in 107 

NSCLC.[13]  108 

The association between the glucose uptake level and ctDNA quantity is interesting for two 109 

reasons. First, it may contribute to a better understanding of what characterizes patients with detectable 110 

ctDNA and thus, identify those who might benefit from ctDNA analyses. Second, ctDNA analyses and 111 

18F-FDG PET/CT-derived parameters might provide overlapping prognostic information. This is 112 

especially relevant for early-stage NSCLC for which 18F-FDG PET/CT is routinely performed, 113 

potentially limiting the prognostic value of ctDNA analyses. On the other hand, ctDNA might support 114 

findings on 18F-FDG PET/CT scans and aid the interpretation, especially when lesions with low 18F-115 

FDG uptake are seen. Few studies have investigated the association between ctDNA detection and 116 

glucose uptake in early-stage NSCLC.  117 

This study explored associations between tumor glucose uptake (measured by SUVmax, MTV, 118 

and TLG) and both ctDNA detectability and quantity in patients considered for potentially curative 119 
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treatment. Furthermore, we explored whether ctDNA detection and 18F-FDG PET/CT-derived 120 

parameters were independent prognostic factors.  121 

Methods 122 

Study population, approvals, and data collection 123 

Biological material was retrieved from the regional research biobank, Biobank1, approved by the 124 

Norwegian Regional Committee for Medical and Health Research Ethics in Central Norway, the 125 

Ministry of Health and Care Services, and the Norwegian Data Protection Authority. Biobank 126 

participants were 18 years or older and gave written informed consent. Patients were treated and 127 

followed according to local routines.  128 

The present study included patients with stage I-III NSCLC from three previous studies on 129 

ctDNA who had available 18F-FDG PET/CT scans obtained during their diagnostic workup. Clinical 130 

data were collected from the patients’ hospital medical records, which included accurate survival data. 131 

The disease stage was assessed according to TNM v8.[14] 132 

ctDNA-analyses  133 

ctDNA data was available from three previous studies.[15–17] In one cohort, tumor tissue DNA was 134 

screened for a pathogenic mutation in the gene Kirsten Rat Sarcoma Viral Oncogene Homolog 135 

(KRAS).[18] Tumor tissue DNA in the other cohorts were screened for pathogenic mutations in 22[17] 136 

or 275[16] genes using next-generation sequencing (NGS). Tumor-informed analyses of ctDNA were 137 

performed in these studies using digital droplet polymerase chain reaction (ddPCR)[18] or NGS,[16, 138 

17] and detection was defined as identifying ³ one tumor-specific mutation(s) in ctDNA. ctDNA was 139 

quantified using the variant allele frequency.  140 

 141 

18F-FDG PET/CT scans 142 

18F-FDG PET/CT was not available at our hospital until autumn 2013. Thus, patients underwent 18F-143 

FDG PET/CT at three different hospitals: Haukeland University Hospital, Bergen (n=3), Oslo 144 
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University Hospital, Oslo (n=9), and St. Olav’s Hospital, Trondheim (n=51). All hospitals used 145 

scanners from Siemens Healthcare (Erlangen, Germany), specifically the Biograph 40 in Bergen, the 146 

Biograph 64 in Oslo and the Biograph mCT 64 in Trondheim. The European Association of Nuclear 147 

Medicine (EANM) granted an EANM Research Ltd. (EARL) 18F-FDG PET/CT accreditation in 148 

September 2015 for the 18FDG PET/CT scanner at St. Olavs University Hospital. The EARL 149 

accreditation status for the other centers between 2011-13 is unknown. 150 

Image reconstruction was performed with iterative reconstruction, point-spread-function (PSF), 151 

decay-, attenuation-, and scatter-correction. Time-of-flight (TOF) was used when available. Different 152 

matrix sizes were applied at different sites. All examinations were done following the EANM procedure 153 

guidelines for tumor imaging version 2.0.[19] Patients fasted at least four hours (median 14h) before 154 

administration of 4 MBq 18F-FDG/kg. Blood glucose level was 4.4-9.5 mmol/L (median 5.6 mmol/L), 155 

and the interval between 18F-FDG administration and the start of the acquisition was 51-159 minutes 156 

(median 60 minutes). A low-dose CT for attenuation correction and anatomical localization was done 157 

in the same session. 158 

Datasets were transferred from the hospital’s picture archiving and communication systems and 159 

reprocessed using standard clinical software (AW Server 3.2 Ext. 3.0, General Electric Company) by a 160 

nuclear medicine physician (HJ). The physician was blinded for the ctDNA data but not the previous 161 

18F-FDG PET/CT reports. A 3D isocontour model with a threshold of SUV of 2.5 was used when 162 

computing MTV and TLG (=product of MTV and SUVmean). MTV and TLG were calculated 163 

manually in separate sessions for each lesion when 18F-FDG uptake from lesions conflated. The highest 164 

value of SUVmax in any lesion was used for each patient. For both MTV and TLG, the sum of all 165 

lesions was used for statistical analyses. The raw PET data were not available and thus, the original 166 

AC-PET reconstructions were used to assess MTV and TLG. 167 

Statistics 168 

SUVmax was compared between patients with and without detectable ctDNA using the Mann-Whitney 169 

U test since the values were not normally distributed. Spearmans’ correlation was used to investigate 170 

the correlation between SUVmax and the ctDNA quantity, measured by the highest variant allele 171 
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frequency in cases of >1 variant. Logistic multivariable regression models included SUVmax 172 

(continuous), histology, and disease stage to investigate the association between tumor glucose uptake 173 

and ctDNA detection. All analyses were repeated for MTV and TLG. 174 

PFS was defined as the time from lung cancer diagnosis until progression or death of any cause, 175 

and OS was defined as the time from diagnosis until death of any cause. The median follow-up times 176 

for PFS and OS were estimated using the reverse Kaplan-Meier method, and the median PFS and OS 177 

were estimated using the Kaplan-Meier method. The impacts of ctDNA detectability and SUVmax on 178 

OS and PFS were estimated by univariable Cox proportional hazard models. Multivariable models for 179 

PFS and OS included SUVmax as a continuous factor and ctDNA detection. The combined prognostic 180 

value of ctDNA detection and tumor glucose uptake was explored in patients with high SUVmax (> 181 

median value in our cohort) by comparing outcome between those with and without detectable ctDNA 182 

using the Kaplan-Meier method. All analyses of OS and PFS were repeated for MTV and TLG.  183 

Statistical analyses were performed using R (version 3.6.1) with 0.05 as the threshold for 184 

statistical significance. 185 

Results 186 

Patient characteristics 187 

In total, 63 patients diagnosed between July 2009 and May 2018 met the eligibility criteria for the 188 

present study (Table 1). The median age was 70, 38 (60 %) were female, and 59 (94 %) were smokers 189 

or former smokers. Fifty-seven patients (90 %) had adenocarcinoma, two (3%) had squamous cell 190 

carcinoma, three (5 %) had NSCLC not otherwise specified, and one (2%) had large cell neuroendocrine 191 

carcinoma. Twenty-eight patients (44 %) had stage I disease, 12 (19 %) stage II, and 23 (37 %) stage 192 

III. ctDNA was detected in plasma from 19 patients (30 %). Patients with detectable ctDNA had higher 193 

disease stage and median MTV, TLG, SUVmax, and lower surgical rate than those without detectable 194 

ctDNA. Otherwise, patient characteristics were similar between the two groups.  195 

  196 
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Table 1: Patient characteristics       
  All patients ctDNA detected ctDNA not detected 
Total 63   19   44  
         
Age (median) 70 (52-83) 68 (52-83) 70 (52-81) 
Sex         
Female 38 60 % 11 58 % 27 61 % 
Male 25 40 % 8 42 % 17 39 % 
Smoking status         
Smoker/former smoker 59 94 % 17 89 % 42 95 % 
Never smoker 4 6 % 2 11 % 2 5 % 
Histology         
Adenocarcinoma 57 90 % 16 84 % 41 93 % 
Non-adenocarcinoma 6 10 % 3 16 % 3 7 % 
WHO performance status         
0 37 59 % 11 58 % 26 59 % 
1 23 37 % 8 42 % 15 34 % 
2 2 3 % 0 0 % 2 5 % 
3 1 2 % 0 0 % 1 2 % 
Disease stage         
I 28 44 % 0 0 % 28 64 % 
II 12 19 % 5 26 % 7 16 % 
III 23 37 % 14 74 % 9 20 % 
Treatment         
Surgery 48 76 % 8 42 % 40 91 % 
Curative radiotherapy with or without 
chemotherapy 11 17 % 9 47 % 2 5 % 
Palliative therapy 4 6 % 2 11 % 2 5 % 
ctDNA detection method         
NGS* 33 52 % 13 68 % 20 45 % 
ddPCR 30 48 % 6 32 % 24 55 % 
18F-FDG PET/CT parameters 
(median)         
MTV (cm3) 7.5   61.2   3.7  
TLG (g/mL x cm3) 39.1   460.5   14.8  
SUVmax (g/mL) 11.8   19.2   9.1  
*One patient was included from a study analyzing ctDNA by a 275 NGS gene panel, and cfDNA from the other 32 patients were 
analyzed by patient-specific NGS panels. ddPCR: droplet digital polymerase chain reaction, NGS: next-generation sequencing, MTV: 
metabolic tumor volume, SUV: standardized uptake value, TLG: total lesion glycolysis 
 197 

Tumor glucose uptake in patients with and without detectable ctDNA 198 

Patients with detectable ctDNA had significantly higher MTV (p<0.001), TLG (p<0.001), and SUVmax 199 

(p<0.001) than patients without detectable ctDNA (Figure 1). 200 
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Figure 1. MTV, TLG and SUVmax derived from 18F-FDG PET/CT scans from patients with and without detectable ctDNA. 
ctDNA: circulating tumor DNA, MTV: metabolic tumor volume, TLG: total lesion glycolysis, SUVmax: maximum standardized 
uptake value 

 201 

The ctDNA quantity correlated with MTV (Spearman’s ρ=0.53, p=0.0211) and TLG (Spearman’s 202 

ρ=0.56, p=0.0127), but not with SUVmax (Spearman’s ρ=0.34, p=0.15) in patients with detectable 203 

ctDNA (Figure 2).  204 

 

Figure 2. MTV, TLG, SUVmax and the ctDNA quantity, measured as the highest variant allele frequency.  
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Tumor glucose uptake as a predictor of ctDNA detection 205 

Higher MTV (OR 19.3, 95% CI: 5.4-116.9, p<0.001), TLG (OR 9.0, 95% CI: 3.4-33.8, p<0.001), and 206 

SUVmax (OR 47.3, 95% CI: 5.2-937.4, p=0.0030) were associated with ctDNA detection in univariable 207 

logistic regression analyses. MTV (OR 1.03, 95% CI: 1.01-1.05, p=0.019) remained associated with 208 

ctDNA detection independent of disease stage and histology in multivariable analysis (Table 2). 209 

Similarly, TLG (OR 1.00, 95% CI: 1.00-1.01, p=0.038) was independently associated with ctDNA 210 

detection, while SUVmax was not (OR: 1.07, 95% CI: 0.98-1.20, p=0.19). Since ctDNA was not 211 

detected in stage I patients, sensitivity analyses including only stage II-III patients were performed, with 212 

similar results (Table S1). 213 

 214 

Table 2: Multivariable logistic regression models with ctDNA detection as response  
  MTV     TLG     SUVmax     
  OR 95% CI p OR 95% CI p OR 95% CI p 
Stage I 1.00    1.00    1.00    
Stage II 8.75E+07 0-NA 0.99 1.14E+08 0-NA 0.99 1.75E+08 0-NA 0.99 
Stage III 1.32E+08 0-NA 0.99 1.76E+08 0-NA 0.99 3.00E+08 0-NA 0.99 
Adenocarcinoma 1.00   1.00    1.00    
Non-
adenocarcinoma 3.59 0.29-87.72 0.34 3.74 0.3-90.89 0.32 2.72 0.28-61.19 0.42 
MTV 1.03 1.01-1.05 0.019 - - - - - - 
TLG - - - 1.00 1.00-1.01 0.038 - - - 
SUVmax - - - - - - 1.07 0.98-1.20 0.19 
Statistically significant p-values are shown in bold. CI: confidence interval; ctDNA: circulating tumor DNA; MTV: metabolic 
tumor volume; OR: odds ratio, SUVmax: maximum standardized uptake value; TLG: total lesion glycolysis 

Tumor glucose uptake and ctDNA detection as prognostic factors 215 

The median follow-up time for OS was 57.0 months (95% CI: 50.7-64.0), and 33 patients were alive at 216 

the time of analysis. Overall, median OS was not reached (95% CI: 39.9 months - not reached [NR]). 217 

Higher MTV (HR 1.00, 95% CI: 0.995-1.00, p=0.017), TLG (HR: 1.00, 95% CI: 0.995-1.00, p=0.017), 218 

and SUVmax (HR: 1.05, 95% CI: 0.948-1.02, p=0.004) were associated with worse OS in univariable 219 

analyses (Table 3). 220 

 221 

 222 
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Table 3: Univariable Cox proportional hazard analyses of OS 
  HR 95% CI p 
ctDNA detected 3.13 1.46-6.73 0.0034 
MTV 1.00 1.00-1.01 0.017 
TLG 1.00 1.00-1.00 0.013 
SUVmax 1.05 1.02-1.09 0.0036 
Statistically significant p-values are shown in bold. CI: confidence 
interval; ctDNA: circulating tumor DNA; HR: hazard ratio, MTV: 
metabolic tumor volume, SUVmax: maximum standardized uptake 
value; TLG: total lesion glycolysis 

 223 

Multivariable analyses (Table 4) showed that ctDNA detection was associated with worse OS 224 

independently of MTV (HR: 2.70, 95% CI: 1.07-6.82, p=0.035) and TLG (HR: 2.63, 95% CI: 1.06-225 

6.51, p=0.036), but not SUVmax (HR: 2.30, 95% CI: 0.977-5.42, p=0.056). The 18F-FDG PET/CT-226 

derived parameters were not independently associated with OS in the same models (MTV, HR: 1.00, 227 

95% CI: 0.996-1.01, p=0.55. TLG, HR: 1.00, 95% CI: 1.00-1.00, p=0.43. SUVmax, HR: 1.03, 95% CI: 228 

0.995-1.08, p=0.087.) 229 

 230 

Table 4: Multivariable Cox proportional hazard analyses of OS 
  MTV TLG SUVmax 
  HR 95% CI p HR 95% CI p HR 95% CI p 
ctDNA not detected 1.00   1.00   1.00   
ctDNA detected 2.70 1.07-6.82 0.035 2.63 1.06-6.51 0.036 2.30 0.977-5.42 0.056 
MTV 1.00 0.996-1.01 0.55         
TLG       1.00 1.00-1.00 0.43      
SUVmax         1.03 0.995-1.08 0.087 
Statistically significant p-values are shown in bold. CI: confidence interval; ctDNA: circulating tumor DNA; HR: hazard ratio, 
MTV: metabolic tumor volume, SUVmax: maximum standardized uptake value; TLG: total lesion glycolysis 

 231 

The median follow-up time for PFS was 57.0 months (95% CI: 50.7-65.6), and 29 patients were 232 

alive and progression-free at the time of analysis. The median PFS was 61.8 months (95% CI: 19.1-233 

NR). ctDNA detection and higher MTV, TLG, and SUVmax were significantly associated with worse 234 

PFS in univariable Cox proportional hazard analyses (p<0.05, Table S2). None of the factors were 235 

independently associated with PFS in multivariable analyses (Table S3).  236 

Combined prognostic value of ctDNA analyses and 18F-FDG PET/CT-derived parameters. 237 

Among patients with MTV above median value, those with detectable ctDNA had shorter OS than those 238 

without detectable ctDNA (median 20.4 months vs. NR, Figure 3), though the difference was not 239 
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statistically significant (HR: 2.2, 95% CI: 0.8-6.2, p=0.15). Similar difference was observed among 240 

patients with TLG above median value (median 20.4 months vs. NR, HR: 2.2, 95% CI: 0.8-6.2, p=0.15) 241 

and SUVmax above median value (median 20.4 months vs. NR, HR: 1.9, 95% CI: 0.7-5.4, p=0.202). 242 

Similarly, among patients with MTV, TLG or SUVmax above median value, those with detectable 243 

ctDNA had shorter PFS than those without detectable ctDNA, though the differences were not 244 

statistically significant (Figure S1). There were too few patients (n<4) with detectable ctDNA among 245 

those with MTV, TLG, or SUVmax below median values to perform such analyses. 246 

 

Figure 3. Kaplan-Meier plots showing OS for patients with A: MTV, B: TLG and C: SUVmax above the median value and 
split on ctDNA status. 

 247 

248 
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Discussion 249 

In this study of patients with stage I-III NSCLC considered for potentially curative therapy, we found 250 

that tumor glucose uptake was significantly higher in patients with detectable ctDNA, and the ctDNA 251 

quantity correlated with MTV and TLG. Nevertheless, ctDNA detection was a negative prognostic 252 

factor for OS independently of the 18F-FDG PET/CT-derived parameters. 253 

There is limited research on the association between 18F-FDG PET/CT and ctDNA detection in 254 

early-stage NSCLC. Our results reflect those of Chabon et al., who included 85 early-stage NSCLC 255 

patients and found that those with detectable ctDNA had higher MTV and that ctDNA quantity 256 

correlated with MTV.[12] In addition, they found that ctDNA detection was a negative prognostic factor 257 

independent of both MTV and disease stage. Another study of 92 patients enrolled in the TRACERx 258 

study found that high 18F-FDG avidity, defined as the ratio between tumor and mediastinal SUVmax, 259 

predicted ctDNA detection.[11] That study did not investigate whether the prediction was independent 260 

of other patient and disease characteristics. While SUVmax was significantly higher in patients with 261 

detectable ctDNA in our study, it was not independently associated with ctDNA detection after 262 

adjusting for disease stage and histology.  263 

Several studies have investigated the association between ctDNA characteristics and all three 264 

18F-FDG PET/CT-derived parameters in advanced NSCLC.[1, 4, 6, 7] Although these are mostly small 265 

studies (n=37-128) with methodological variations, they indicate a positive correlation between ctDNA 266 

release and glucose uptake. In agreement with our results, one study reported a correlation between 267 

ctDNA quantity and MTV and TLG but not with SUVmax.[4] Other studies found a positive correlation 268 

with SUVmax as well,[6, 7] such as the recent study of Jee and colleagues which included 128 advanced 269 

NSCLC patients, the largest study to date.[1]  270 

A few studies on advanced NSCLC found no correlation between ctDNA release and tumor 271 

metabolic activity.[7, 8, 20] Common for these studies is that they analyzed the total cfDNA quantity 272 

rather than the mutant ctDNA fraction. Notably,  González de Aledo-Castillo et al. observed that cfDNA 273 

at 100-250 bp length, which includes the typical length of ctDNA, correlated with glucose uptake, while 274 

total cfDNA quantity did not.[8] The total cfDNA quantity may be influenced by non-cancer related 275 

factors.[21]  276 

We and others observed cases of undetectable or low ctDNA quantity but high glucose uptake 277 

and vice versa.[1, 3, 5, 6, 8, 12] Although the two variables usually correlate, evidence from studies on 278 
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NSCLC suggests that ctDNA analysis and 18F-FDG PET/CT may provide independent prognostic 279 

information.[1, 3, 5, 12] Studies of metastatic cancers, including NSCLC, have also indicated a 280 

combined value of the two analyses.[1, 3, 9, 10] For example, Jee et al. demonstrated that ctDNA 281 

detection was a negative prognostic factor both for patients with high and low glucose uptake.[1] The 282 

high number of stage I patients without detectable ctDNA was the reason for not investigating the 283 

prognostic role of detectable ctDNA among our patients with low glucose uptake levels. 284 

The results of this study must be interpreted in the context of its limitations and strengths. This 285 

was a retrospective study of mostly adenocarcinoma patients, of which 56 % had a KRAS mutation, 286 

compared to ~38% in the Norwegian lung adenocarcinoma population.[18] The sample size did not 287 

allow adjusting for other established prognostic factors such as disease stage, performance status, or 288 

therapy in the multivariable OS and PFS analyses. Additionally, tumor characteristics associated with 289 

ctDNA detectability, such as proliferation rate, the extent of necrosis, and vascular infiltration, were 290 

not assessed. 291 

The 18F-FDG PET/CT scans were performed on several scanners and sites using various 292 

dosages of 18F-FDG/kg, though 80% of scans were performed on the scanner at our site using the same 293 

protocol. The values of the 18F-FDG PET/CT-derived parameters are, in principle, dependent on the 294 

characteristics of the PET/CT camera, reconstruction parameters, matrix size, and PSF, which could 295 

cause a batch effect. Although raw data was not available from the other hospitals and different 296 

parameters may have influenced the calculated values, we do not believe that a potential batch effect 297 

has significantly influenced the overall result. The variation in MTV and TLG was less than 5% when 298 

values assessed locally were compared with centrally reconstructed parameters, and measures were 299 

taken to compensate for the partial volume effects, including the tissue fraction effects. Importantly, no 300 

tumors in our study were <3 mm, limiting the risk of SUVmax underestimation. It is unclear which 18F-301 

FDG PET/CT variable holds the most prognostic information, but most other studies have used the 302 

same variables as we did.[1, 3, 4, 6, 7] Finally, we did not have information about co-existing conditions 303 

(e.g. sarcoidosis) or medications that might have influenced the 18F-FDG uptake. 304 
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The lack of standardized methods for ctDNA detection and accurate quantification is a general 305 

challenge for ctDNA research. Using the variant allele frequency for ctDNA quantification is common 306 

but not optimal since the frequency depends on the total cfDNA quantity. 307 

The high sensitivity and specificity are strengths of the tumor-informed approach applied for 308 

ctDNA analysis in this study. Nevertheless, we cannot rule out the possibility of false negatives. 309 

Another study detected ctDNA in 45 % of early-stage NSCLC patients and noted that the likelihood of 310 

ctDNA detection increased with the number of analyzed mutations.[12] The tumor DNA screening 311 

limited the number of mutations for ctDNA analysis, and there was only knowledge of one mutation in 312 

the KRAS-positive cohort. Other contributing factors to the low detection rate may be the high 313 

proportion and stage I patients and adenocarcinomas, which probably release less ctDNA than other 314 

types of NSCLC.[11]  315 

The inclusion of early-stage patients was, in our opinion, the main feature of our study. 316 

Although many lower-stage NSCLC patients are cured by surgery and radiotherapy, the relapse rates 317 

are still relatively high. The effectiveness of adjuvant EGFR tyrosine kinase inhibitors and 318 

immunotherapy has recently been demonstrated, but similar to adjuvant chemotherapy, the absolute 319 

survival benefit is limited. There is an unmet need for tools identifying those with the highest risk of 320 

relapse who should be offered such adjuvant therapy to reduce the number of patients receiving 321 

unnecessary medication.[22, 23] One might argue that the clinical implications of the prognostic 322 

information of ctDNA detection and 18F-FDG PET/CT variables are fewer since most of these patients 323 

receive treatment anyway. In that setting, biomarkers predicting outcomes of specific treatments is more 324 

important. 325 

The question remains what is the relationship between ctDNA release and tumor metabolism. 326 

It is important to remember that 18F-FDG PET/CT estimates the level of tumor glucose uptake and 327 

cannot be used to explain the metabolic state of the tumor. Elevated glucose uptake can reflect an 328 

elevated level of aerobic metabolism or a shift towards anaerobic metabolism due to hypoxia or the 329 

Warburg effect. Studies on NSCLC have indicated that squamous cell carcinomas are associated with 330 

anaerobic metabolism and adenocarcinomas with aerobic metabolism.[24] According to a recent 331 
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publication, elevated glucose uptake might not reflect elevated metabolic activity at all.[25] The authors 332 

demonstrated that solid tumors in mice have a high glucose uptake without an increase in energy 333 

production and suggested that this is tolerated by the tumor cells by shutting down energy-costly tissue-334 

specific processes. It is yet to be understood whether tumors in these different metabolic states have a 335 

similar rate of ctDNA release and whether the prognostic meaning of its release remains the same. 336 

 337 

Conclusion 338 

We found a positive correlation between plasma ctDNA quantity and tumor glucose uptake 339 

measured by 18F-FDG PET/CT in early-stage NSCLC patients. Nevertheless, the result indicated that 340 

ctDNA analysis provided independent prognostic information  from 18F-FDG PET/CT and larger 341 

studies are needed to investigate if there is a combined prognostic value of the two analyses. 342 

Furthermore, there is a need for a better understanding of the mechanism behind ctDNA release and the 343 

biological rationale behind the potential prognostic impact since it cannot be explained by the tumor 344 

glucose uptake alone.  345 

 346 

 347 
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 356 

 357 
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