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Advancements in the clinical practice of non-small cell lung cancer (NSCLC) are shifting treatment paradigms towards

increasingly personalized approaches. Liquid biopsies using various circulating analytes provide minimally invasive

methods of sampling the molecular content within tumor cells. Plasma-derived circulating tumor DNA (ctDNA), the tumor-

derived component of cell-free DNA (cfDNA), is the most extensively studied analyte and has a growing list of applications

in the clinical management of NSCLC. As an alternative to tumor genotyping, the assessment of oncogenic driver

alterations by ctDNA has become an accepted companion diagnostic via both single-gene polymerase chain reactions

(PCR) and next-generation sequencing (NGS) for advanced NSCLC. ctDNA technologies have also shown the ability to

detect the emerging mechanisms of acquired resistance that evolve after targeted therapy. Furthermore, the detection of

minimal residual disease (MRD) by ctDNA for patients with NSCLC after curative-intent treatment may serve as a

prognostic and potentially predictive biomarker for recurrence and response to therapy, respectively. Finally, ctDNA

analysis via mutational, methylation, and/or fragmentation multi-omic profiling offers the potential for improving early lung

cancer detection.
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1. Introduction

Revolutionary developments in ultrasensitive sequencing approaches have led to the successful implementation of liquid

biopsies to inform clinical decisions in patients with advanced non-small cell lung cancer (NSCLC) . Liquid

biopsies provide a minimally invasive method of cancer assessment via the analysis of circulating analytes, such as

circulating nucleic acids (circulating tumor DNA (ctDNA) and cell-free RNA (cfRNA)), circulating tumor cells (CTCs),

microRNAs, extracellular vesicles, tumor-educated platelets, and tumor-specific cell-free DNA methylation. These

analytes can be found in several biological fluids, including plasma, serum, urine, pleural fluid, saliva, and cerebrospinal

fluid (CSF) . The presence of cell-free nucleic acid fragments in the blood was first described by Mandel

and Metais in 1948 . Cell-free DNA (cfDNA) consists of fragments of nonencapsulated extracellular DNA, which usually

measure between 150 and 200 bp in length and are passively released into the blood by apoptotic and necrotic cells 

. Plasma cfDNA is mostly released by endothelial and peripheral blood mononuclear cells (PBMCs) ; in

patients with cancer, a small fraction of cfDNA consists of DNA fragments released into the blood by tumor cells, termed

ctDNA . Although several studies have demonstrated that serum has higher concentrations of cfDNA compared to

plasma, most of the cfDNA in serum is originated from lysed PBMCs, which makes it more challenging to isolate the

ctDNA . Therefore, in an effort to reduce PBMC contamination, plasma samples are preferred for ctDNA

analysis . While plasma ctDNA is relatively prevalent in most patients with advanced solid malignancies (except CNS

tumors), the sensitive detection of ctDNA has been historically challenging, largely due to the short half-life of ctDNA (15

min to 2.5 h), and assay specifications are required to mitigate the rate of false-positive variant-calling from clonal

hematopoiesis (CH) and background sequencing error . With the development of next-generation sequencing

(NGS), minimally invasive genotyping via ctDNA now plays an increasingly essential role in clinical practice, particularly

via molecular profiling, to inform treatment decisions and serves as a powerful molecular response metric for translational

research and precision medicine . In fact, two commercially available NGS-based assays (Guardant360 , Guardant

Health, Redwood City, CA, USA and FoundationOne  Liquid CDx, Foundation Medicine INC., Cambridge, MA, USA) have

received approval in 2020 by the US Food & Drug Administration (FDA) for identifying genomic alterations in the plasma

of patients with advanced-stage solid malignancies, including NSCLC . Beyond molecular profiling, minimally

invasive genotyping via ctDNA for NSCLC is under active investigation for treatment-response monitoring, minimal

residual disease (MRD) detection, and early cancer detection . The current applications of ctDNA in the

management of NSCLC and future directions for improving personalized care are summarized in Figure 1.
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Figure 1. Overview of ctDNA detection and the workflow for NSCLC. The detection of ctDNA through liquid biopsies

can be utilized for (A) molecular profiling, (B) treatment response monitoring, (C) detection of minimal residual disease,

and (D) early cancer detection. (A) ctDNA can be readily used to identify cancer-related aberrations (e.g., detection of the

EGFR L858R) with ultrasensitive detection, for ease of use when tissue is limited or exhausted, or as a complementary

diagnostic tool with rapid turn-around times. (B) The ease of ctDNA detection by serial blood draws permits treatment

response monitoring in the evolution of tumor biology, with the detection of potential mechanisms of acquired resistance

(e.g., EGFR T790M on first-generation EGFR TKIs). (C) ctDNA is a powerful tool for minimal residual disease (MRD)

detection after curative intent multimodal therapy (i.e., chemotherapy, radiation, and immunotherapy) in locally advanced

NSCLC. ctDNA MRD positivity can be detected generally prior to radiographic progression to aid in decision making for

patient care. (D) In an effort to improve early cancer detection in high-risk individuals, minimally invasive ctDNA analysis

via mutational, methylation, and/or fragmentation profiles offers promising potential to complement radiographic screening

with low dose CT chest (LDCT chest).

2. ctDNA for Early Cancer Detection

A low-dose CT scan of the chest (LDCT chest) has been the current standard for lung cancer screening in the US since

the National Lung Screening Trial (NLST) . Within this randomized trial, which compared annual LDCT chest for 3

years versus a single chest radiography among asymptomatic participants at high-risk for lung cancer, the LDCT chest

was associated with a 20% relative reduction in mortality from lung cancer . However, not all patients will benefit from

an LDCT chest as current guidelines do not recommend this screening test for patients without a smoking history or those

who have not smoked for many years . Furthermore, LDCT chest has a 96% false-positive rate, thus leading to an

excessive use of diagnostic testing for asymptomatic individuals . Incorporating ctDNA analysis into screening may help

to address these issues by improving the detection of lung cancer in a broader patient demographic and reducing the

number of diagnostic procedures.

The majority of LDCT chest findings are small pulmonary nodules and ground-glass opacities, which may not be

malignant or may shed very low concentrations of ctDNA . Akin to the challenges of ctDNA detection in the MRD

setting, two major challenges for ctDNA detection during screening are a low VAFs, due to a small tumor volume, and

distinguishing tumor-derived mutations from CH . However, as opposed to MRD detection, screening does not provide

the option of tumor-informed variant calling, thus making it difficult to detect true biological mutations with a low VAF .

As shown by data from the TRACERx study , ctDNA for a stage T1b NSCLC tumor of 1 cm is present at an estimated

VAF of 0.008% (95% CI: 0.002–0.03%), which is just beyond the detection limit of most liquid biopsy technologies.

Therefore, the early detection of stage ≤ T1b tumors via a tumor-naïve approach presents a significant challenge

regarding the effective implementation of ctDNA assays in lung cancer screening protocols .

Based on ctDNA detection via CAPP-Seq, Chabon et al. developed a machine-learning method, termed “Lung Cancer

Likelihood in Plasma” (Lung-CLiP), to estimate the likelihood that a given blood sample contains cfDNA derived from lung

cancer, discriminated from risk-matched controls . In addition to tumor-naïve sequencing with a panel of 255 genes that

are recurrently mutated in lung cancer, the authors leveraged the unique properties of NSCLC-derived mutations relative

to CH mutations (e.g., shorter cfDNA fragment size and tobacco-smoking-associated mutational signatures) to reduce the
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rate of false-positive variant calling . Lung-CLiP was trained on a discovery cohort of 104 patients with early-stage

NSCLC and 56 risk-matched controls who underwent annual LDCT chest screening . At a specificity of 98%, the

algorithm yielded a sensitivity of 41% in patients with stage I disease, 54% in patients with stage II disease, and 67% in

patients with stage III disease . Compared to tumor-informed ctDNA analysis, Lung-CLiP achieves a similar level of

performance without requiring tumor tissue genotyping . Next, the authors prospectively validated Lung-CLiP in a

cohort of 46 patients with early-stage NSCLC and 48 risk-matched controls, all of whom were enrolled at a different

institution . This independent validation demonstrated a statistically similar level of performance within each stage of

disease, thus supporting the external validity of Lung-CLiP to predict the likelihood of lung cancer among similar types of

patients . Since most of the patients enrolled in this research were smokers and displayed incidentally diagnosed lung

cancer, further work will be important to study the applicability of Lung-CLiP to never-smokers and patients who otherwise

undergo LDCT chest screening.

Methylation-based ctDNA analysis presents an alternative strategy for lung cancer screening that largely avoids the issue

of false-positives from CH mutations . As part of the Circulating Cell-free Genome Atlas (CCGA) study, Liu et

al. demonstrated a method of targeted cfDNA methylation analysis for multi-cancer early detection . The authors

applied bisulfite sequencing targeting a panel of >100,000 informative methylation regions, identified from the first sub-

study of CCGA, to plasma cfDNA samples from 6689 participants (2482 with cancer across >50 different cancer types and

4207 without cancer) . Using a methylation-based classifier developed from a training set of the cohort, independent

validation yielded a specificity of 99.3%, with a <1% rate of false-positives across all cancer types . Sensitivity of stage

I-III disease detection was 43.9% in all cancer types and increased to 67.3% in a pre-specified set of 12 high-signal

cancer types, including lung cancer . As expected, the sensitivity of detection improved with increasing disease stage

. For lung cancer, sensitivity ranged from ~25% for stage I disease to ~90% for stage IV disease . Of note, localizing

the tissue of origin (TOO) was predicted with 93% accuracy .

Recently, Klein et al. published their findings from the third and final sub-study of CCGA, a large clinical validation of the

methylation-based classifier among 4077 independently enrolled participants (2823 with cancer and 1254 without cancer)

. Similar to results reported from the second sub-study by Liu et al., the specificity for detecting cancer was 99.5% .

For lung cancer, the sensitivity of detection across all stages was 74.8%, ranging from 21.9% for stage I disease to 95.2%

for stage IV disease. . TOO was predicted with 88.7% accuracy . Altogether, these results suggest that methylation-

based analysis of ctDNA for multi-cancer early detection may complement existing screening tests for individual cancers.

However, given that CCGA is a case-control study, further work will be important for studying the utility of this methylation-

based test for screening populations. The ongoing SUMMIT study (NCT03934866) is specifically for UK NHS patients who

are at high risk of lung cancer, all of whom will have ctDNA analysis and screening LDCT, with follow-up over several

years .

In an effort to increase the sensitivity of early lung cancer detection, compared to targeted sequencing of either mutations

or methylation in ctDNA, Mathios et al. performed a genome-wide analysis of cfDNA fragmentation profiles . Their

method, termed the DNA evaluation of fragments for early interception (DELFI) , combines an analysis of genome-wide

cfDNA fragmentomes (i.e., evaluating the size distribution and frequency of millions of cfDNA fragments) with clinical risk

factors and CEA levels within a machine learning model to detect lung cancer . The authors assessed blood samples

from 365 participants who were enrolled in a prospective observational trial (LUCAS cohort), most of whom were

symptomatic individuals at high risk of lung cancer . Among these individuals, 129 had lung cancer diagnosed by tissue

biopsy after blood collection, 87 had benign nodules, and 149 were not biopsied due to the low clinical and radiographic

suspicion of cancer .

Median DELFI scores were similar among individuals with benign lesions (0.21) versus those without a biopsy (0.16) and

were significantly higher among patients with lung cancer (ranging from 0.35 to 0.99 for stage I to stage IV, respectively)

. Among all patients in the LUCAS cohort, the DELFI approach detected lung cancer with an area under the curve

(AUC) of 0.90 . The AUC increased to 94% when considering only the majority of patients at higher risk for lung cancer

(i.e., age 50–80 with a >20 pack per year smoking history) . The predictive performance of DELFI was externally

validated in an independent cohort of 385 participants without cancer and 46 participants with predominantly early-stage

cancer, and yielded similar levels of sensitivity and specificity as in those observed by the model applied to the LUCAS

cohort . Furthermore, the incorporation of genome-wide cfDNA fragmentation data from the binding sites of ASCL1, a

transcription factor differentially overexpressed in small cell lung cancer (SCLC), may even enable SCLC patients to be

distinguished from NSCLC patients with an AUC of 0.98 . Altogether, these findings suggest that ctDNA analysis via

DELFI could potentially enhance lung cancer screening . The authors propose a schema in which patients with positive

DELFI pre-screening may proceed to LDCT chest analysis for further diagnostic workup . DELFI-L101 (NCT04825834)

is an ongoing prospective trial aiming to evaluate a DELFI-based assay among individuals eligible for lung cancer
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screening . Further work will be important for assessing the utility of DELFI in combination with LDCT chest and other

markers of early lung cancer detection.

3. Conclusion

In conclusion, ctDNA analysis via mutational, methylation, and/or fragmentation profiles offers promising potential for

improving early lung cancer detection . While positive ctDNA screening alone may not be adequate, its minimally

invasive nature can provide a valuable pre-screening tool for a broader patient demographic and increase the uptake and

adherence of screening with LDCT chest. Perhaps, future studies for cancer interception may utilize ctDNA technologies,

such as DELFI and Grail Galleri™, for the emergence of pre-cancerous lesions, to lessen cancer burdens in high-risk

patients with a smoking history . Therefore, future clinical studies centered on validating multi-omic prediction

models that integrate liquid biopsy markers and LDCT will be important for optimizing lung cancer screening moving

forward.

References

1. Leighl, N.B.; Page, R.D.; Raymond, V.M.; Daniel, D.B.; Divers, S.G.; Reckamp, K.L.; Villalona-Calero, M.A.; Dix, D.; Od
egaard, J.I.; Lanman, R.B.; et al. Clinical Utility of Comprehensive Cell-free DNA Analysis to Identify Genomic Biomarke
rs in Patients with Newly Diagnosed Metastatic Non–small Cell Lung Cancer. Clin. Cancer Res. 2019, 25, 4691–4700.

2. Aggarwal, C.; Thompson, J.C.; Black, T.A.; Katz, S.I.; Fan, R.; Yee, S.S.; Chien, A.; Evans, T.L.; Bauml, J.M.; Alley, E.
W.; et al. Clinical Implications of Plasma-Based Genotyping With the Delivery of Personalized Therapy in Metastatic No
n–Small Cell Lung Cancer. JAMA Oncol. 2019, 5, 173–180.

3. Rolfo, C.; Mack, P.; Scagliotti, G.V.; Aggarwal, C.; Arcila, M.E.; Barlesi, F.; Bivona, T.; Diehn, M.; Dive, C.; Dziadziuszko,
R.; et al. Liquid Biopsy for Advanced NSCLC: A Consensus Statement From the International Association for the Study
of Lung Cancer. J. Thorac. Oncol. 2021, 16, 1647–1662.

4. Forshew, T.; Murtaza, M.; Parkinson, C.; Gale, D.; Tsui, D.W.Y.; Kaper, F.; Dawson, S.-J.; Piskorz, A.M.; Jimenez-Linan,
M.; Bentley, D.; et al. Noninvasive Identification and Monitoring of Cancer Mutations by Targeted Deep Sequencing of P
lasma DNA. Sci. Transl. Med. 2012, 4, 136ra68.

5. Miller, A.; Shah, R.; Pentsova, E.I.; Pourmaleki, M.; Briggs, S.; Distefano, N.; Zheng, Y.; Skakodub, A.; Mehta, S.A.; Ca
mpos, C.; et al. Tracking tumour evolution in glioma through liquid biopsies of cerebrospinal fluid. Nature 2019, 565, 65
4–658.

6. Crowley, E.; Di Nicolantonio, F.; Loupakis, F.; Bardelli, A. Liquid biopsy: Monitoring cancer-genetics in the blood. Nat. R
ev. Clin. Oncol. 2013, 10, 472–484.

7. Diaz, L.A., Jr.; Bardelli, A. Liquid Biopsies: Genotyping Circulating Tumor DNA. J. Clin. Oncol. 2014, 32, 579–586.

8. Zhu, L.; Sun, H.-T.; Wang, S.; Huang, S.-L.; Zheng, Y.; Wang, C.-Q.; Hu, B.-Y.; Qin, W.; Zou, T.-T.; Fu, Y.; et al. Isolation
and characterization of exosomes for cancer research. J. Hematol. Oncol. 2020, 13, 152.

9. Alix-Panabières, C.; Pantel, K. Liquid Biopsy: From Discovery to Clinical Application. Cancer Discov. 2021, 11, 858–87
3.

10. Nuzzo, P.V.; Berchuck, J.E.; Korthauer, K.; Spisak, S.; Nassar, A.H.; Alaiwi, S.A.; Chakravarthy, A.; Shen, S.Y.; Bakoun
y, Z.; Boccardo, F.; et al. Detection of renal cell carcinoma using plasma and urine cell-free DNA methylomes. Nat. Me
d. 2020, 26, 1041–1043.

11. Best, M.G.; Wesseling, P.; Wurdinger, T. Tumor-Educated Platelets as a Noninvasive Biomarker Source for Cancer Det
ection and Progression Monitoring. Cancer Res. 2018, 78, 3407–3412.

12. Mandel, P.; Metais, P. Nuclear Acids In Human Blood Plasma. Comptes Rendus Seances Soc. Biol. Ses Fil. 1948, 142,
241–243.

13. Corcoran, R.B.; Chabner, B.A. Application of Cell-free DNA Analysis to Cancer Treatment. N. Engl. J. Med. 2018, 379,
1754–1765.

14. Jahr, S.; Hentze, H.; Englisch, S.; Hardt, D.; Fackelmayer, F.O.; Hesch, R.D.; Knippers, R. DNA fragments in the blood
plasma of cancer patients: Quantitations and evidence for their origin from apoptotic and necrotic cells. Cancer Res. 20
01, 61, 1659–1665.

15. Wan, J.C.M.; Massie, C.; Garcia-Corbacho, J.; Mouliere, F.; Brenton, J.D.; Caldas, C.; Pacey, S.; Baird, R.; Rosenfeld,
N. Liquid biopsies come of age: Towards implementation of circulating tumour DNA. Nat. Rev. Cancer 2017, 17, 223–2
38.

[40]

[41][42]

[36][38]



16. Pisetsky, D.S.; Fairhurst, A.-M. The origin of extracellular DNA during the clearance of dead and dying cells. Autoimmu
nity 2007, 40, 281–284.

17. El Messaoudi, S.; Rolet, F.; Mouliere, F.; Thierry, A.R. Circulating cell free DNA: Preanalytical considerations. Clin. Chi
m. Acta 2013, 424, 222–230.

18. Kustanovich, A.; Schwartz, R.; Peretz, T.; Grinshpun, A. Life and death of circulating cell-free DNA. Cancer Biol. Ther. 2
019, 20, 1057–1067.

19. Thijssen, M.A.; Swinkels, D.W.; Ruers, T.J.M.; De Kok, J.B. Difference between free circulating plasma and serum DNA
in patients with colorectal liver metastases. Anticancer Res. 2002, 22, 421–425.

20. Umetani, N.; Hiramatsu, S.; Hoon, D.S. Higher Amount of Free Circulating DNA in Serum than in Plasma Is Not Mainly
Caused by Contaminated Extraneous DNA during Separation. Ann. N. Y. Acad. Sci. 2006, 1075, 299–307.

21. Siravegna, G.; Marsoni, S.; Siena, S.; Bardelli, A. Integrating liquid biopsies into the management of cancer. Nat. Rev.
Clin. Oncol. 2017, 14, 531–548.

22. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.
M.; et al. Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 22
4.

23. Pellini, B.; Szymanski, J.; Chin, R.-I.; Jones, P.A.; Chaudhuri, A.A. Liquid Biopsies Using Circulating Tumor DNA in Non
-Small Cell Lung Cancer. Thorac. Surg. Clin. 2020, 30, 165–177.

24. Lim, C.; Tsao, M.S.; Le, L.W.; Shepherd, F.A.; Feld, R.; Burkes, R.L.; Liu, G.; Kamel-Reid, S.; Hwang, D.; Tanguay, J.; e
t al. Biomarker testing and time to treatment decision in patients with advanced nonsmall-cell lung cancer. Ann. Oncol.
2015, 26, 1415–1421.

25. U.S. Food and Drug Administration. FDA Approves First Liquid Biopsy Next-Generation Sequencing Companion Diagn
ostic Test. 2020. Available online: https://www.fda.gov/news-events/press-announcements/fda-approves-first-liquid-biop
sy-next-generation-sequencing-companion-diagnostic-test (accessed on 23 March 2022).

26. U.S. Food and Drug Administration. FDA Approves Liquid Biopsy NGS Companion Diagnostic Test for Multiple Cancers
and Biomarkers. 2020. Available online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves
-liquid-biopsy-ngs-companion-diagnostic-test-multiple-cancers-and-biomarkers (accessed on 23 March 2022).

27. Adjuvant Durvalumab for Early Stage NSCLC Patients with ctDNA Minimal Residual Disease. Available online: https://cl
inicaltrials.gov/ct2/show/NCT04585477?term=NCT04585477&draw=2&rank=1 (accessed on 12 June 2022).

28. Personalized Escalation of Consolidation Treatment Following Chemoradiotherapy and Immunotherapy in Stage III NS
CLC in Stage III NSCLC. Available online: https://clinicaltrials.gov/ct2/show/NCT04585490?term=NCT04585490&draw
=2&rank=1 (accessed on 12 June 2022).

29. Kinde, I.; Wu, J.; Papadopoulos, N.; Kinzler, K.W.; Vogelstein, B. Detection and quantification of rare mutations with ma
ssively parallel sequencing. Proc. Natl. Acad. Sci. USA 2011, 108, 9530–9535.

30. National Lung Screening Trial Research Team; Aberle, D.R.; Adams, A.M.; Berg, C.D.; Black, W.C.; Clapp, J.D.; Fagers
trom, R.M.; Gareen, I.F.; Gatsonis, C.; Marcus, P.M.; et al. Reduced Lung-Cancer Mortality with Low-Dose Computed T
omographic Screening. N. Engl. J. Med. 2011, 365, 395–409.

31. Welch, J.S. Use of Whole-Genome Sequencing to Diagnose a Cryptic Fusion Oncogene. JAMA 2011, 305, 1577–158
4.

32. Shen, S.Y.; Burgener, J.M.; Bratman, S.V.; De Carvalho, D.D. Preparation of cfMeDIP-seq libraries for methylome profili
ng of plasma cell-free DNA. Nat. Protoc. 2019, 14, 2749–2780.

33. Chabon, J.J.; Hamilton, E.G.; Kurtz, D.M.; Esfahani, M.S.; Moding, E.J.; Stehr, H.; Schroers-Martin, J.; Nabet, B.Y.; Ch
en, B.; Chaudhuri, A.A.; et al. Integrating genomic features for non-invasive early lung cancer detection. Nature 2020, 5
80, 245–251.

34. Abbosh, C.; Birkbak, N.; Swanton, C. Early stage NSCLC—Challenges to implementing ctDNA-based screening and M
RD detection. Nat. Rev. Clin. Oncol. 2018, 15, 577–586.

35. Hong, Y.; Kim, W.J. DNA methylation markers in lung cancer. Curr. Genom. 2021, 21, 79–87.

36. Huang, J.; Soupir, A.C.; Schlick, B.D.; Teng, M.; Sahin, I.H.; Permuth, J.B.; Siegel, E.M.; Manley, B.J.; Pellini, B.; Wang,
L. Cancer Detection and Classification by CpG Island Hypermethylation Signatures in Plasma Cell-Free DNA. Cancers
2021, 13, 5611.

37. Qi, J.; Hong, B.; Tao, R.; Sun, R.; Zhang, H.; Zhang, X.; Ji, J.; Wang, S.; Liu, Y.; Deng, Q.; et al. Prediction model for m
alignant pulmonary nodules based on cfMeDIP-seq and machine learning. Cancer Sci. 2021, 112, 3918–3923.



38. Klein, E.; Richards, D.; Cohn, A.; Tummala, M.; Lapham, R.; Cosgrove, D.; Chung, G.; Clement, J.; Gao, J.; Hunkapille
r, N.; et al. Clinical validation of a targeted methylation-based multi-cancer early detection test using an independent val
idation set. Ann. Oncol. 2021, 32, 1167–1177.

39. Liu, M.C.; Oxnard, G.R.; Klein, E.A.; Swanton, C.; Seiden, M.V. Sensitive and specific multi-cancer detection and locali
zation using methylation signatures in cell-free DNA. Ann. Oncol. 2020, 31, 745–759.

40. The SUMMIT Study: A Cancer Screening Study (SUMMIT). Available online: https://clinicaltrials.gov/ct2/show/NCT0393
4866?term=NCT03934866&draw=2&rank=1 (accessed on 12 June 2022).

41. Mathios, D.; Johansen, J.S.; Cristiano, S.; Medina, J.E.; Phallen, J.; Larsen, K.R.; Bruhm, D.C.; Niknafs, N.; Ferreira,
L.; Adleff, V.; et al. Detection and characterization of lung cancer using cell-free DNA fragmentomes. Nat. Commun. 20
21, 12, 5060.

42. Przybyl, J.; Chabon, J.J.; Spans, L.; Ganjoo, K.N.; Vennam, S.; Newman, A.M.; Forgó, E.; Varma, S.; Zhu, S.; Debiec-R
ychter, M.; et al. Combination Approach for Detecting Different Types of Alterations in Circulating Tumor DNA in Leiomy
osarcoma. Clin. Cancer Res. 2018, 24, 2688–2699.

Retrieved from https://encyclopedia.pub/entry/history/show/66413


