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            Key Points

                	
                  Cell-free DNA (cfDNA) is released predominantly by cell death into the bloodstream, although active secretion may have a role. Since the discovery of fetal cfDNA in the maternal circulation, cfDNA analysis has been rapidly implemented in clinical practice for noninvasive prenatal testing.

                
	
                  Mutations were first detected in cfDNA more than two decades ago, and interest in circulating tumour DNA (ctDNA) as a noninvasive cancer diagnostic has increased considerably with the development of molecular methods that permit the sensitive detection and monitoring of multiple classes of mutation.

                
	
                  ctDNA may have utility at almost every stage of the management of patients with cancer, including diagnosis, minimally invasive molecular profiling, treatment monitoring, the detection of residual disease and the identification of resistance mutations. ctDNA analysis may be broadly considered as a tool both for quantitative analysis of disease burden and for genomic analysis.

                
	
                  The identification of ctDNA in individuals before a cancer diagnosis, and in presymptomatic individuals, suggests the possibility of ctDNA analysis as a tool for earlier detection and screening. Noninvasive cancer classification or subtyping has also emerged as a possibility, although for early detection, both technical and biological factors introduce challenges to the detection of mutant DNA in plasma and its interpretation.

                
	
                  Monitoring multiple mutations in parallel can enhance the sensitivity of ctDNA detection, can be used to assess the clonal evolution of patients' disease and may identify resistance mutations before clinical progression is observed.

                
	
                  ctDNA analysis is beginning to transition from the research setting into the clinic. The US Food and Drug Administration and the European Medicines Agency have approved ctDNA tests for specific indications in the absence of evaluable tumour tissue. Analysis of gene panels in plasma has now become available as a potential clinical tool. Large studies are under way to establish the overall performance and clinical utility of such assays when a tumour biopsy is not available for analysis.

                
	
                  Potential applications of ctDNA have been demonstrated by a number of proof-of-principle studies. Prospective clinical trials are beginning to assess the clinical utility of ctDNA analysis for molecular profiling and disease monitoring. The increasing acceptance of ctDNA is enabling the field to move from exploratory ctDNA studies towards clinical trials in which ctDNA guides decision-making.

                
	
                  In order to fully exploit the potential utility of liquid biopsies, it is essential that the biology of cfDNA and ctDNA is explored further. The mechanisms of release and degradation, and the factors that affect the representation of ctDNA in plasma, are poorly understood. The nature of ctDNA will be clarified through both large, well-annotated clinical studies and in vivo studies in which variables can be controlled.

                


              

Abstract
Improvements in genomic and molecular methods are expanding the range of potential applications for circulating tumour DNA (ctDNA), both in a research setting and as a 'liquid biopsy' for cancer management. Proof-of-principle studies have demonstrated the translational potential of ctDNA for prognostication, molecular profiling and monitoring. The field is now in an exciting transitional period in which ctDNA analysis is beginning to be applied clinically, although there is still much to learn about the biology of cell-free DNA. This is an opportune time to appraise potential approaches to ctDNA analysis, and to consider their applications in personalized oncology and in cancer research.
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                    Figure 1: Applications of circulating tumour DNA analysis during the course of disease management.


Figure 2: Origins and range of alterations in cell-free DNA.


Figure 3: Current and future paradigms for the sensitive detection of circulating tumour DNA.


Figure 4: Leveraging multiple mutations to detect low-burden disease and overcome sampling noise.


Figure 5: Adaptive or reactive treatment paradigms using liquid biopsies.
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Glossary
	Liquid biopsy
	
                  Analysis of tumour material (for example, cells or nucleic acids) obtained in a minimally invasive or noninvasive manner through the sampling of blood or other body fluids.

                
	Digital PCR
	
                  (dPCR). An assay in which many microlitre- or nanolitre-scale PCR reactions are run in parallel within physically separated reaction chambers or as droplets in an emulsion (droplet dPCR (ddPCR)). By partitioning molecules into hundreds or up to millions of reactions, rare mutant molecules can be accurately identified and quantified.

                
	Mutant allele fraction
	
                  The proportion of mutant DNA fragments at a given locus.

                
	Hybrid-capture sequencing
	
                  DNA sequencing of kilobases to megabases of the genome, in which the DNA to be sequenced is selected using complementary oligonucleotide baits that hybridize to the target DNA. The DNA is then captured in solution, commonly through binding to magnetic beads.

                
	Targeted sequencing
	
                  Massively parallel (next-generation) sequencing that uses methods such as PCR amplification or hybrid capture to focus on a subset of the genome, which can range from few genes or mutation loci to large proportions of the genome, such as the entire exome. Smaller panels yield a higher sequencing depth at lower costs than do larger panels.

                
	Molecular barcoding
	
                  The addition of unique molecular sequences to each molecule when creating a sequencing library, so that reads originating from the same molecule can be identified and the consensus taken, correcting for some PCR or sequencing errors.

                
	Limit of detection
	
                  The threshold below which mutations cannot be confidently discriminated from background noise; for sequencing-based approaches, this is often determined by technical artefacts such as PCR or sequencing errors.

                
	Mutant allele concentration
	
                  The number of mutant DNA fragments at a given locus per unit volume.

                
	Stem mutations
	
                  Mutations that occur early in a cancer's development and are present in all cells.

                
	Private mutations
	
                  Mutations that are present only in a specific region of a tumour, or in a subset of cells, owing to intratumour heterogeneity.
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