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Abstract

Precision oncology is predicated upon the ability to detect
specific actionable genomic alterations and to monitor their
adaptive evolution during treatment to counter resistance.
Because of spatial and temporal heterogeneity and comorbidities
associated with obtaining tumor tissues, especially in the case of
metastatic disease, traditional methods for tumor sampling are
impractical for this application. Known to be present in the blood
of cancer patients for decades, cell-freeDNA (cfDNA) is beginning
to inform on tumor genetics, tumor burden, and mechanisms of
progression and drug resistance. This substrate is amenable for
inexpensive noninvasive testing and thus presents a viable
approach to serial sampling for screening and monitoring tumor

progression. The fragmentation, low yield, and variable admix-
ture of normal DNA present formidable technical challenges for
realization of this potential. This review summarizes the history of
cfDNA discovery, its biological properties, and explores emerging
technologies for clinically relevant sequence-based analysis of
cfDNA in cancer patients.Molecular barcoding (orUniqueMolec-
ular Identifier, UMI)-based methods currently appear to offer an
optimal balance between sensitivity, flexibility, and cost and
constitute a promising approach for clinically relevant assays
for near real-time monitoring of treatment-induced mutation-
al adaptations to guide evidence-based precision oncology.
Mol Cancer Res; 14(10); 898–908. �2016 AACR.

Early Discovery and Applications of cfDNA
The presence of cell-free DNA (cfDNA) in blood plasma was

discovered in 1948 by Mandel and Metais (1). Seventeen years
later, in 1965, Bendich and colleagues hypothesized, that cancer-
derived cfDNA could be involved in metastasis (2). However, it
took another year to discover the first link to disease. In 1966, Tan
and colleagues observed high levels of circulating cell-free DNA
(cfDNA) in the blood of systemic lupus erythematosus patients
(3). Eleven years later, in 1977, Leon and colleagues used radio-
immunochemistry to demonstrate that for at least half of cancer
patients the level of cfDNA in their blood was significantly higher
than in normal control subjects (4). The authors noted that
patients with metastatic cancer had significantly higher cfDNA
levels in blood. Because of technological limitations, it took

another 12 years for the first experimental evidence to support
that cfDNA in cancer patients does indeed contain tumor DNA
based on temperature stability measurements (5).

The technological progress of the 1990s fuelled by the Human
Genome Project allowed more direct demonstration for a tumor
origin of at least some cancer patient cfDNA. In 1994, two groups
reported the presence of tumor-specific mutations in cfDNA
(6, 7). Both groups used mutation-specific primers to facilitate
PCR amplification of tumor-specific (N-RAS) mutations in the
plasma samples of patients with pancreatic adenocarcinoma and
acute myelogenous leukemia (AML), respectively. This approach
to detection of specific a priori knownmutations in cfDNA was to
become the preferredmethodof cfDNA studies until the advent of
massively parallel sequencing (MPS). Circulating tumor DNA
(ctDNA) is typically so diluted by normal DNA that existing
sequencingmethods (e.g., Sanger sequencing)were not sufficient-
ly sensitive to detect mutant DNA molecules. As a result, muta-
tion-specific PCR was the only available technology that could
provide sufficient specificity for detection of the weak tumor
signal. It was recognized in these pioneering studies that the
detection of tumorDNA in circulationoffers exciting implications
for clinical translation for "diagnosis, determining response to
treatment, and predicting prognosis" (7). Not surprisingly, soon
after this initial breakthrough essentially all other types of tumor-
specific DNA changes were discovered in cfDNA, such as changes
in the status of microsatellite markers including loss of hetero-
zygosity (LOH; refs. 8, 9); gene amplifications (10, 11); the
presence of the oncogenic viral DNA (12–15); and hypermethyla-
tion of the promoter regions of tumor suppressor genes (16–18).
While these early observations highlighted many possibilities for
using ctDNA as a noninvasive approach to analyze tumor gen-
omes, sufficiently sensitive and specific laboratory techniques to
fully leverage this potential were not yet developed.
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The "chimeric" nature of cfDNA, the presence of both normal
and tumor DNA in blood plasma, enabled development of
applications in other fields. However, these are outside of the
scope of the current review and will only be briefly mentioned
here. Arguably the most successful application of cfDNA studies
was the discovery of the high admixture of fetal-derived cfDNA in
mother's blood stream by Lo and colleagues (19). Later the same
group demonstrated that in 70% of women bearing male fetuses,
fetal Y-chromosome sequences could be detected in just 10 mL of
blood plasma (20). This discovery opened up a new avenue for
development of fetal cfDNA-based prenatal genetic testing. For
example, in one recent large study involving 1,914 women across
21U.S. centres it was shown that cfDNA-based prenatal testing for
fetal aneuploidy has a significantly lower false positive rate for
detection of trisomies 21 and 18 compared with standard pro-
cedures (10 times lower for trisomy 21 and 3 times lower for
trisomy 18) and significantly higher negative and positive pre-
dictive values (ref. 21; for detailed review of prenatal diagnostics
application of cfDNA, see ref. 22). Another interesting application
of cfDNA-based detection of "foreign" DNA is monitoring the
status of solid organ transplants. As DNA is mostly released into
the blood as a result of cell death, the level of the donor's DNA in
recipients blood can be used a marker of rejection (for detailed
review of this cfDNA application, see ref. 23).

Later studies linked cfDNA levels to outcomes in severe injury
such as blunt traumaandburns (reviewed in ref. 24). cfDNA levels
correlated with the length of hospital stay, burn surface area, the
number of operations needed for scalds (though not for the flash/
flame burns). Plasma cfDNA levels also correlated with the need
for patient ventilation in intensive care units (ICU). High (above
127 ng/mL) concentrations of cfDNA in bloodwere found to be a
predictor of death for ICU patients (with sensitivity of 92% and
specificity of 82%). In line with these findings, cfDNA levels in
blood turnedout to be higher andhave certain predictive value for

sepsis and septic shock, aseptic inflammation, myocardial infarc-
tion, stroke including patients with negative neuroimaging
results, where cfDNA concentrations seem to predict poststroke
morbidity and mortality in patients with negative neuroimaging,
and sickle cell disease. In short, cfDNAconcentration is elevated in
conditions that involve increased rates of cell death and necrosis.

Properties of cfDNA
Multiple properties of cfDNA suggest cell death as its major

origin. Importantly, cfDNA is double stranded and highly frag-
mented, with most molecules being approximately 150 bp
in length (Fig. 1A). This matches the length of DNA occupied
by a nucleosome, the primary unit for spatial organization
of DNA in the nucleus (25). Moreover, the other fragment length
peaks correspond well with linear progression of nucleosome
units (two units for 300-bp band, three units for 450-bp
band; Fig. 1A). Interestingly, there is still controversy on whether
the higher or lower integrity of cfDNA is associatedwith cancer. In
2003, Wang and colleagues reported that the comparisons of the
relative amounts of 100- and 400-bp PCR products of the b-actin
gene demonstrated increased cfDNA integrity in 61 patients with
breast and gynecologic cancers compared with 65 non-neoplastic
patients (26). This observation is supported by the studies in
numerous cancer types summarized in ref. 27. However, there are
also conflicting reports, including by Madhavan and colleagues
(27), who determined that decreased cfDNA integrity (defined as
the ratio of concentrations of long, �260-bp Alu and LINE
fragments to short, �100 bp, fragments determined by qPCR)
correlates with worse outcome. The authors noted that the
decreased cfDNA integrity would imply higher apoptotic rates,
and that increased apoptosis correlates with higher tumor pro-
liferation. This in turn would imply that the apoptotic, not
necrotic cells, are the main source of cfDNA at least in cancer
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Figure 1.

A, a Bioanalyzer 2100 (Agilent Technologies) profile showing the length distribution of cfDNA isolated from a high-risk prostate cancer patient reported in
ref. 31. The x-axis shows the size of DNA fragments (in base pairs); the y-axis, fluorescent intensity, proportional to DNA concentration. Note the unusual
trimodal distribution of DNA sizes (150, 300, and 450 bp) most likely indicating a very high tumor burden. B, cfDNA concentration in blood of healthy
subjects/nonmalignant patients (blue box) and in cancer patients (orange box) based on ref. 30. The left y-axis shows the cfDNA concentration on a logarithmic
scale (in ng/mL of blood) and the right shows the number of diploid genome equivalents per mL of blood (assuming 6 pg of DNA per diploid genome).
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patients (28). One corollary of this supposition is that tumors
with higher proliferationmaynaturally yield higher proportion of
cfDNA in line with well-established link between cell prolifera-
tion and apoptosis rates (for review, see ref. 29). In any case, all of
the studies and our experience agree, that as much as 90% of the
total cfDNA is contained in low molecular weight band (�150–
180 bp).

The amount of cfDNA in cancer patients varies widely. A good
summary can be found in 2008 Fleischhacker and Schmidt review
(30) who assembled the results of 34 studies involving healthy
subjects and patients with malignant and nonmalignant disease
(summarized in Fig. 1B). While a trend toward the DNA concen-
tration in the blood of cancer patients being much higher than in
the blood of healthy controls and nonmalignant patients is clear,
the cfDNA concentration varies considerably and is below100ng/
mL for themajority of reported cancer patients. This is in linewith
our own data—in a group of 62 castrate-resistant metastatic
prostate cancer (mCRPC) patients themean cfDNA concentration
was 53 ng/mL of blood (31). Another way to look at these
numbers is to calculate how many genome equivalents can be
identified in blood. Assuming 6 pg of DNA per diploid human
genome, the majority of cancer patients have below 17,000
genome equivalents per mL of blood. Patients from our recent
study (31) had on average�9,000 genome equivalents per mL of
blood.

Not unexpectedly, in addition to varying absolute levels of
cfDNA, the fraction of DNAmolecules in the circulation of cancer
patients that can be recognized as being derived from tumor cells
also varies. In 2001, Jahr and colleagues published one of the first
attempts to estimate the proportion of circulating tumor DNA
(ctDNA) to total cfDNA (32). The ctDNA/cfDNA ratio was deter-
mined by quantifying the amount of hypermethylated CDKN2A
promoter that the authors assumed to be tumor-specific. Hyper-
methylation of the CDKN2A promoter was detected in 11 of 25
specimens, "in line with previous studies," and in all six cases
where both tumor tissue and cfDNA was available, results of
methylation-specific PCR were concordant. The proportion of
tumor-specific hypermethylatedCDKN2A sequences ranged from
<10% to >90% of the total cfDNA. Four years later, Diehl and
colleagues published a study (33) in which they reported that the
tumor content in cfDNA of 33 colorectal cancer patients ranged
from 0.01% to 1.7%. Interestingly, they also reported, that the
percentage of mutant molecules of the APC gene increased 5- to
20-fold when the fragment size used for PCR decreased from
1,296 to 100 bp. Numerous studies have shown similar results.
For example, amplicon sequencing of the PIK3CA and TP53 genes
and digital PCR of the identified structural variations and point
mutations allowed Dawson and colleagues to determine that in
metastatic breast cancer the ctDNA defined as a fraction of the
somatic mutant allele comprised a median of 4% of total cfDNA
(interquartile range 1–14; ref. 34). This is in line with our study
(31), where we identified mutations in exon 8 of the AR gene in
cfDNA of metastatic castrate resistant prostate cancer patients at a
frequency of 0.1%–23% (median 1.5%). Given the total cfDNA
content estimated above we expect the most cancer patients to
have less than 3,500 tumor genomes per mL of blood. In our
cohort of mCRPC patients (31), the median yield of tumor DNA
was approximately 135 genome equivalents per mL of blood.

Finally, an important characteristic of cfDNA is its rapid turn-
over. The first report in the kinetics of foreignDNA clearance from
animal's blood dates back to 1963, when Tsumita and Iwanaga

used tritiated DNA injected into mice to show that 99% of the
radioactivity is cleared from the bloodstream in 30 minutes (35).
They have also reported the highest increase of radioactivity in
kidneys, followed by liver and spleen, suggesting the importance
of renal clearing of cfDNA. Later, in 1999, Lo and colleagues
measured the half-life of the fetal cfDNA in mother's blood post-
partum using real-time quantitative PCR of the SRY gene (36).
They reported that the half-life of the male fetal DNA in women
post-partum was 16.3 minutes, no detectable male-derived
cfDNA were found in the mother's blood 2 hours after birth—
a result that is very close to the original 1963 observation. Other
studies confirmed the very short half-life of cfDNA in blood
stream. For example, Fatouros and colleagues have measured the
kinetics of cfDNA concentrations in athletes following vigorous
exercise and reported that cfDNA increased to 15-fold postexer-
cise, stabilized at 13-fold for 30 minutes after exercise and
normalized 30minutes later (37). In short, there is no controversy
on the kinetics of cfDNA clearance from blood stream; however,
the mechanisms of its clearance have not been studied in detail.

Collection and Processing of Blood for
cfDNA

Asdiscussed above, a large variability in the total plasma cfDNA
levels has been reported among patients. Some of this variability
may be explained by biological differences between patients,
whereas some relates to different sensitivities of the analytic
technologies employed by groups and even sources of contam-
inatingDNA. Therefore, it is important to keep inmind that not all
samples should be considered equivalent and that there are
preanalytic considerations one should make when prospectively
collecting samples specifically for cfDNA analyses. Much of our
understanding of the biology of cfDNA and optimal methods for
its collection and extraction comes from the study of fetal cfDNA
for prenatal screening. Owing to the ability to readily distinguish
fetal frommaternalDNA (particularly with amale fetus), rigorous
experiments have identified factors that affect yield and stability of
cfDNA as well as sources of contamination (i.e., from maternal
cells). For example, in 2001, Chiu and colleagues reported that
different methods of isolation of cfDNA from the blood of
pregnant women (such as filtration through 0.22-mm filters,
centrifugation in Percoll gradients, and high-speed centrifuga-
tion) produced significantly different amounts of maternal but
not fetal cfDNA (38). Not surprisingly, they have noted the
importance of standardization at the level of blood collection,
processing, andDNA extraction so that samples within individual
studies remain comparable.

At about the same time, ruptured blood cells were identified as
a main source of cfDNA contamination (i.e., ref. 39), which has
largely shaped efforts on optimization of the cfDNA isolation
protocols. Although there is no clear consensus on the best
practices for sample handling, we refer the reader to a review
covering preanalytic variables that affect cfDNA quality (40). One
key observation reported therein is that while overall, serummay
yield higher levels of cfDNA than plasma, the yield is more
variable and the cfDNA quality may be severely impacted due
to lysis of monocytes. Plasma is theoretically less likely to be
contaminated with DNA from blood cells but, importantly, the
time elapsed between blood collection and centrifugation can
heavily influence this (41). Unfortunately, because the overall
yield of DNA extracted from plasma or the amount of DNA
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measured by qPCR is often used as a proxy for cfDNA, there is also
conflicting evidence on the extent of contamination from the
blood (42). As revisited later, contaminationmay be best assessed
by determining the relative abundance of high molecular weight
DNA fragments that are not consistent with the apoptotic signa-
ture characteristic of cfDNA. Methods to overcome such contam-
ination or even accurately assess it remain under development. To
better circumvent this issue, at the British Columbia Cancer
Agency and Vancouver Prostate Centre, we have opted to collect
blood in EDTA tubes and separate plasma by double centrifuga-
tion at 1,600 rpmwithin twohours after collection. It is important
to note that heparin tubes are not typically compatible with
ctDNA detection methods because in our experience the effect
of heparin on polymerase activity can severely impact sensitivity.
There are some options for analyzing cfDNA from heparin-con-
taining tubes or tubes containing other PCR inhibitors including
polymerases that are more robust to such inhibitors. However, in
our opinion for prospective studies, these contaminants are best
avoided (43). Understandably, so-called rapid processing of
blood is not feasible in all settings (e.g., blood collection at sites
lacking a centrifuge) and may not be cost-effective in smaller
centers. Preservatives such as formaldehyde have also been pro-
posed as a means to prevent cell lysis thereby obviating the
necessity for rapid processing. However, owing to its' potential
to damage DNA, other preservatives may be preferable, although
we are not aware of any data showing a higher level of noise in
cfDNA exposed to formaldehyde-based preservatives. An alterna-
tive are the cell-free DNA BCT tubes from Streck. These are
advertised to prevent lysis at ambient temperature for up to two
weeks but we and others have noted that processing within aweek
or less is more appropriate to minimize contamination (44). In
summary, procedures for collecting plasma for cfDNA analysis
should be standardizedwithin centers (and studies) and, depend-
ing on the available infrastructure, one may opt to use rapid
processing or cell-stabilizing tubes to minimize the risk of con-
tamination from cellular fractions.

Biological Role of cfDNA
Despite almost 70 years of history, the biological function of

cfDNA has only been unambiguously established for immune
response and blood coagulation (28) and its function in other
conditions, if any, remains nebulous. Neutrophils in human
blood release so called neutrophil extracellular traps (NET) as
one of responses to bacterial infection. cfDNA is an important
component of these NETs, that allows them to bind and trap
microbial pathogens. The release of DNA from neutrophils is
thought to occur via an alternative mechanism of cell death
termed NETosis (see refs. 45 and 46 for details). Briefly, two
mechanisms are being considered, with the first involving disso-
lution of the plasma and nuclear membranes that is followed by
release of the chromatin into extracellular space. Unlike apopto-
sis, NETosis does not result in display of the phagocyte-activating
signals, so the neutrophils that undergo NETosis do not get
cleared from the blood stream by phagocytes. An alternative
theorypostulates the existence of aDNA/serinenuclease extrusion
mechanism from intact neutrophils and that autophagy contri-
butes to NETosis. In any case, NETs appear to require intact
chromatin lattices. Importantly, cfDNA in NETs triggers blood
coagulation, a process that clearly needs to be tightly controlled.
This control is affected by the DNaseI in the blood stream. It has

also been suggested, that another important function of the
DNaseI-based mechanism of clearing cfDNA from human blood
is the prevention of autoimmunity against DNA (47). Involve-
ment of cfDNA was suggested for other biological processes as
well, ranging from tumor dissemination (2, 48–50) to aging (51),
but experimental evidence supporting such hypotheses remains
tenuous, and considerable additional research is needed to clarify
the involvement of cfDNA in processes other than immunologic
response.

Genomic Analysis of cfDNA
The presence of tumor-derived DNA in cfDNA implies the

entire spectrum of tumor genome aberrations are present and
can thus be detected. However, the low amount, high degrada-
tion, and high admixture of normal DNA in cfDNA pose major
challenges for the development of sensitive and robust detection
pipelines. The fact that most (if not all) tumors are characterized
by multiple subclonal populations with only a subset of somatic
mutations shared among all cells (for review, see ref. 52) further
complicates the issue. Broadly, current approaches for detection
of tumor aberrations in cfDNA can be divided into two categories:
methods targeting specific changes and methods allowing detec-
tion of all possible aberrations in DNA (including targeted and
whole exome/genome sequencing). The latter next-generation
sequencing (NGS)-based options offer numerous potential ben-
efits for observing clonal differences in tumor cell populations, an
advantage that until very recently was offset by more limited
sensitivity and specificity.

Assessing specific DNA changes
A priori knowledge of specific DNA aberrations (mainly muta-

tions and short insertions/deletions) and recurrent "hot spot"
mutations allow implementation of a variety of sophisticated
PCR-based methods for their detection in the cfDNA of cancer
patients. These approaches historically had low DNA require-
ments and low noise levels, and proved quite efficient for cancer
types where few genomic changes are important for the patient
stratification.

Historically, one of thefirst applications for PCR-based analysis
of ctDNA was the detection of high-level amplification of onco-
genes. One of the earliest examples was the detection of increased
levels of MYCN sequences in circulation in patients with neuro-
blastoma. MYCN amplification is a major prognostic factor in
localized neuroblastoma. In 2002, Combaret and colleagues
demonstrated that PCR and qPCR detect the presence of MYCN
in blood of patients with MYCN amplification, but not in the
blood of patients without amplification or healthy controls (11).
However, this approach was not very efficient for patients with
stage I and II disease (53), probably due to low cfDNAcontent and
insufficient sensitivity of the employed methodology, as MYCN
locus is present in a diploid state in all healthy cells and thus
should be present in all cfDNA samples.

However, in general, detection of copy number aberrations
(CNA) in cfDNA using aCGH or approaches that target single/
limited loci targeting such as digital PCRhas limitations thatmake
it less appealing for ctDNA quantification. After all, unlike other
types of cancer-specific mutations (i.e., point mutations or break-
point detection), the assaymust be capable of reliably distinguish-
ing a small change in DNA copy number in a high background of
diploid genomes. One of the first approaches to solve this
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problemwasmeasuring the number of copies of a locus of interest
relative to one or more reference loci assumed to be diploid in all
cells. For example, a digital PCR assay to detect ERBB2 amplifica-
tions compared the number of copies of this locus to another gene
on the same chromosome and applied a threshold that could
distinguish plasma of ERBB2 -amplified patients to unamplified
patients at sensitivity of 64% and specificity of 94% (54). In
general, such approaches are expected to be confounded by
variability in copy number across patients. The sensitivity of CNA
detection is also expected to suffer for patients with lower ctDNA
abundance levels. Sequencing-basedmethods that broadly survey
the genome have shown to be useful for cfDNA copy number
profiling (i.e., ref. 55; discussed more below) when employed
over large genomic regions, as is the case in prenatal screening for
chromosome trisomies. Copy number status evaluation for smal-
ler targeted panels remains challenging, especially for approaches
that do not include the routine use of matched normal DNA.

Still, PCR-based techniques are widely used for the detection of
specific mutations, and can broadly be classified as either qual-
itative or quantitative in nature. Qualitative methods generally
provide a yes/no readout for the presence of the target mutation
and include amplification refractory mutation system (ARMS)
PCR (56, 57); PNA clamping PCR (58) and ligation-based meth-
ods that use DNA ligase and wild-type and mutation-specific
reporter probes to quantify mutant DNA (59). The major disad-
vantage of these approaches is, obviously, a lack of precise
quantification of mutant DNA molecules. Digital methods
include various implementations of digital PCR (dPCR)
approaches (60, 61), usually in the form of emulsion PCR
(62), including BEAMing [for Beads, Emulsions, Amplification,
and Magnetics) technology (33, 63)]. This family of approaches
incorporate a number of techniques used to improve specificity
and sensitivity of mutation detection by PCR through separation
of template molecules into individual reaction vessels with mod-
ern methods typically using either microfluidics (64), by sepa-
rating sample and PCR reagents into droplets in an oil emulsion
(65, 66) or by combining microfluidics and emulsion PCR to
generate evenly sized droplets (67).

BEAMing is an interesting example, because it incorporates a
number of techniques used to improve specificity and sensitivity
of mutation detection by PCR. Briefly, this approach consists of
the following steps: first, the cfDNA mixture is PCR amplified
using primers that introduce sequence tags into the resulting
amplicons. Then amplicons are combinedwith streptavidin-coat-
edmagnetic beads, coated with nested primers, and emulsified so
that each drop in emulsion contains on average one bead and one
DNA fragment and emulsion PCR is performed that results in
clonal amplification of each template on the surface of the beads.
The PCR emulsion is deemulsified and DNA-covered beads are
magnetically purified and the DNA on beads is hybridized with
oligos complementary to a sequence adjacent to the nucleotide of
interest. Next, a single base extension is performed using fluores-
cently labeled bases that allow differential labeling of the wild-
type and mutant alleles. Finally, fluorescently labeled beads are
counted/purified on a flow cytometer (and optionally validated
by Sanger sequencing).

BEAMing was the first method to allow quantitative sensitive
interrogation of mutant cfDNA. In this study, the authors noted
that the sensitivity of the detection of rare mutant fragments
was mainly limited by two factors: the number of genome
equivalents entering the assay (in other words DNA fragments

spanning a given mutation and by the fidelity of the DNA
polymerases employed in the two PCR steps). These inputs
ranged from 1,350 to 230,000 per mL of blood in cancer
patients and 1,150 to 8,280 fragments per mL of blood for
control subjects, very close to our estimates above. However,
most importantly, the errors introduced in the first PCR rounds
cannot be eliminated because they would result in beads with
homogeneous nonreference fragments, indistinguishable from
the bona fide homozygous mutations (33). Interestingly, for
this particular study the polymerase error rate was relatively less
important than the limitations imposed by the low available
amount of input cfDNA because of the possibility to use high-
fidelity proofreading DNA polymerases and scoring of only
specific base changes. The authors empirically determined that
for the assessed targets and used polymerases the error rate after
30 PCR cycles was approximately 2 � 10�5. The necessity of
detecting multiple nonreference reads (three in this case) for
identification of a mutation would limit sensitivity to the
detection of nonreference base in >1/1,333 molecules or
approximately 7.5 � 10�4 if 4,000 total cfDNA fragments were
assayed (33). To conclude, since its publication, BEAMing has
become commercialized and remains a research staple of some
groups. For example, a recent application to plasma from
patients with colon cancer allowed detection of circulating
KRAS mutations, which are known to be acquired in response
to EGFR blockade (68). It has also been extended for detection
of methylated fragments (69).

In conclusion, even an early dPCR assay for quantifying
mutant KRAS DNA suggested a sensitivity as high as one mol-
ecule in a background of 200,000 (70). This study also intro-
duced the concept of combining multiple assays for different
mutant alleles in a single experiment using different dye dilu-
tions for individual alleles. Commercial kits that facilitate the
multiplex screening of hot spots in KRAS now exist. Clearly,
methods targeting specific sets of changes, including so-called
"actionable" alterations, are of particular interest in clinical
settings. By observing the presence of such mutations in a ctDNA
sample, one can consider this as a "liquid biopsy" that could
inform the clinician on a suitable treatment course. Currently,
there are few drugs whose indication is associated with the
presence or absence of specific genomic changes (Rubio-Perz
and colleagues have listed 57 FDA-approved agents targeting 51
driver genes as of 2015 (71)). Therefore, a relatively small panel
can test a patients' cfDNA for a large proportion of clinically
relevant mutations with high specificity and sensitivity, which
would be highly dependent on the level of ctDNA in the patient.
However, as the number of targeted genes grows (Rubio-Perez
and colleagues have counted a total of 96 targetable cancer driver
genes if all current clinical trials are included; ref. 71) such assays
become ever more unwieldy. This problem is exacerbated by the
fact that many relevant mutations in cancer are not sufficiently
recurrent to facilitate broad coverage using dPCR-based assays.
Furthermore, copy number information can also be of clinical
importance (see ref. 72 for review). As discussed above, the copy
number status of a gene can theoretically be established by
dPCR-based approaches with great precision in high-ctDNA
scenarios (62); however, again at the expense of increasing
number of assessed targets and a potentially high false negative
rate when ctDNA is low. Finally, for some cancers, the absence of
high frequency driver mutations such as prostate cancer, where
the SPOP, mutated in 13% of patients is the most frequently
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mutated gene (73), makes the development of such targeted
panels even less practical.

Analyzing cfDNA using Massively Parallel
Sequencing

The inherent limitations of targeted methods described above
for determining more comprehensive mutational landscape of
tumors prompted the development on more generalizable tech-
niques. The necessity for development of such methods is further
emphasized by the existence of intrapatient tumor heterogene-
ity—a well-documented phenomenon with relevance to treat-
ment resistance and relapse (e.g., ref. 74). Improvements in read-
length, sequence quality, and throughput allowed NGS methods
to become a viable alternative for quantifying ctDNA. Limitations
that remain in using NGS are the efficiency by which regions of
interest can be captured/enriched from cfDNA and the higher
error rate of sequencing relative to the accuracy of dPCR. A variety
of strategies to drastically reduce the error rate of NGS for accurate
ctDNA assessment have already been developed as will be dis-
cussed below. In general, current methods for using NGS in
ctDNA quantification can be broadly divided into two groups.
The first group relies on the amplification of the target regions
using region-specific primers (often highly multiplexed), while
the second relies upon hybridization-based capture of target
regions using complementary oligonucleotides with subsequent
amplification of the captured DNA (library). Both strategies are
followed by highly redundant ("deep") sequencing to allow the
relative amount of mutant and wild-type DNAmolecules at each
locus to be accurately counted.

PCR-based methods for cfDNA sequencing
A simple approach to amplify cfDNA for sequence-based

characterization involves a PCR using site-specific primers with
universal tails that facilitate library construction using nested
PCR. An early example of a PCR-based strategy for analysis of
mutations found in individual patients involved the design of a
set of tailed site-specific primers followed by multiplex PCR (for
preamplification) and subsequent uniplex PCR using each indi-
vidual primer pair. The second PCR, in which locus-specific
primers are applied individually, is accomplished using a Flui-
digm AccessArray system and the entire procedure was named
TAm-Seq (Tagged Amplicon Sequencing; ref. 75). This strategy
can facilitate sequencing a panel of commonly mutated exons or
may be guided bymutations identified through othermeans (e.g.,
genome or exome sequencing). This approach afforded the
opportunity to quantify mutant DNA atmany loci in each patient
but had a relatively low sensitivity for mutations below approx-
imately 1%–2%. Still, this pilot study showed clear evidence of a
temporal correspondence between ctDNA levels and tumor bur-
den when compared within individual patients. The multiplex
nature of the assay also allows monitoring the level of many
individual mutations in a single sample (or series) thereby allow-
ingprofiling cfDNAat each locus individually. Suchdistinct locus-
specific profiles might be expected in patients with spatial het-
erogeneity of tumors or with ongoing clonal evolution in
response to therapy. Anecdotal examples of this were first shown
in a study byDawson and colleagues, inwhich the level ofmutant
DNA corresponding to TP53 and PIK3CA showed strikingly
different dynamics across series of plasma samples from patients
with metastatic breast cancer (34).

Until recently PCR-based methods were preferred for cfDNA
analysis because they allowed sequencing of much smaller input
DNA amounts. For example, in our own study ofmCRPCpatients
treated with abiraterone and enzalutamide (31), we chose to
combine targeted sequencing with whole-genome copy number
profiling using array comparative genomic hybridization. Whole-
genome copy number profiling allowed us to determine that pre-
existing amplification ofAR in this cohort was amarker of adverse
outcome for patients switched onto enzalutamide. We success-
fully sequenced exon 8 that encodes part of the ligand-binding
domain (LBD)of theAR gene fromas little as 1ng of input cfDNA.
Out of six detected nonsynonymous LBD mutations, three were
not previously observed in prostate cancer. Importantly, we also
identified cases where a patient had multiple (up to five) muta-
tions in the AR, while no DNA read, spanning the sequenced
region, had more than two mutations. The most parsimonious
explanation for that phenomenon is the existence of multiple
tumor subclones, each with unique version of AR protein.

We have also observed changes in patients' AR LBD mutation
landscape during the course of treatment. To understand the
functional significance of these changes and to enable rational
design of novel antiandrogens, we have established a resource for
the functional characterization of all identified AR mutants.
Therefore we characterized the effects of various steroids (DHT,
estradiol, progesterone, and hydrocortisone) and different anti-
androgens including enzalutamide and a novel agent developed
at the Vancouver Prostate Centre (VPC) on transcriptional activity
of the receptor.We established, in vitro, that allmutations detected
in the plasma samples ofmCRPCpatientswere resistant to at least
one specific antiandrogen treatment and allowed us to explain
some of the observed treatment-induced AR mutation landscape
shifts.We alsodemonstrated that a novel AR inhibitor VPC-13566
under development at the VPC was able to efficiently target all
tested AR mutants (76). To summarize, we have prototyped an
analytic pipeline for evidence-based selection of optimal treat-
ment strategies for mCRPC patients that may eventually enable
rational and rapid selection of specific AR inhibitors to combat
resistance.

In a broader application of this type of approach, Carreira and
colleagues reported on the temporal sequential analysis of
approximately 38-kb region using a custom Ampliseq panel
(Thermo Fisher Scientific) from as little as 6 ng of cfDNA in a
cohort of 16 TMPRSS2-ERG–positive prostate cancer patients
(77). This work demonstrates the advantages of targeted sequenc-
ing approaches as a single assay enabled the detection of both
CNAs and point mutations. Importantly, the authors also devel-
oped an approach for assessment of the abundance of ctDNA in
total cfDNA, based either on the analysis of the allelic frequencies
in monoallelic deletion regions, or in absence of those, on the
comparison of read depths of the autosomal and nonautosomal
regions in tumor and matched normal samples. This work also
illustrated the main disadvantage of an amplicon-based targeted
sequencing—varying PCR efficiency of the panel primer pairs. For
example, for the copy number estimates the authors chose to
retain only amplicons with read coverage falling in the range of
mean� SD formore, than 10 samples. This resulted in discarding
35% (120/337) of autosomal amplicons (ref. 77; Supplementary
Data). It also should be noted, that 6 ng of input DNA is arguably
the lower practical limit of cfDNA input for sequencing as it
corresponds to approximately 1,000 diploid genome equivalents.
Assuming 1% ctDNA content, this amount would contain just 10
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copies of tumor genomes—a level, likely to result in high sam-
pling variance. Another key consideration when designing PCR
primers for such experiments is that the distance between primers
should correspond to the size of DNA fragments expected in
ctDNA. In our experience, we have observed a bias towards PCR
under-representing the level of ctDNA proportionally relating to
the size of amplicons in accordancewith observationsmade in the
Diehl study (33). While keeping amplicon size to a minimum
must be a priority (e.g., 60–80bp) it should be also noted that this
can be challenging for assays relying on hydrolysis probes, as little
space is available in such a small region for two primers and a
probe. Even in spite of such accommodations, any PCR-based
method is expected tounder-sample ctDNAowing to fragments in
which both priming sites are not represented and this may be
exacerbated in samples with contaminating DNA that can be less
fragmented.

Ligation and hybridization-capture methods
A recently developed method for performing targeted

sequencing is based on oligonucleotide DNA capture and has
given rise to affordable approaches to sequence gene panels and
even the entire human exome (78). This approach is based
upon sequencing library construction followed by hybridiza-
tion of the library to a pool of DNA or RNA oligonucleotides
complementary to regions of interest. The hybrid molecules are
then isolated (typically via immobilization on streptavidin
beads) and amplified using universal primer pairs complemen-
tary to the library adaptors. Importantly, a convenient feature
of such strategies that owes to the natural size distribution of
ctDNA is that libraries can be generated using ligation-based
chemistry directly without the need for shearing or transposon-
based library construction. It is notable that in absence of
shearing step much of the contaminating DNA from nonapop-
totic processes is expected to be naturally excluded from librar-
ies thereby naturally biasing the library contents in favor of true
ctDNA fragments. Assuming sufficiently high ligation efficien-
cy, this would result in a higher fraction of mutant ctDNA
molecules making it through sequencing pipeline than PCR-
based applications. This assumption has been experimentally
validated in libraries prepared from cfDNA of hepatocellular
carcinoma patients (79). The authors observed a shift towards
the characteristic cfDNA fragment length in read pairs mapping
in regions associated with copy number gains, where we would
expect greater proportion of ctDNA-derived fragments. Despite
this potential benefit, this does not preclude the need for
standardization of blood collection and handling methods.
Until recently, the major disadvantages of this type of approach
to cfDNA analysis were relatively high requirements for the
quality and quantity of input DNA. However, development of
the solution-based hybridization workflows (80) and refine-
ments in sequencing library construction protocols such as
improvements of ligation efficiency allowed drastic reduction
of the quality and quantity of input DNA requirements, result-
ing in the development of the capability to analyze DNA
samples as scarce and highly fragmented as cfDNA.

One of the best examples of successful application of this
strategy to development of a clinically relevant cfDNA-based
analysis is the work of Newman and colleagues (81). In this
seminal study, the authors first analyzed available sequence data
to determine a set of genomic regions (a "selector") comprising a
set of mutations present in majority of patients with stage II–IV

non–small cell lung cancer (NSCLC). Custom oligonucleotides
covering these loci were purchased to allow hybridization capture
of all DNA from these regions. They then combined a modified
library construction strategy with sophisticated bioinformatics
methods to sequence these loci in patient constitutional DNA,
tumor, and cfDNA samples. Importantly, mutations identified
using this method may include indels, single base substitutions,
and breakpoints that underlie structural alterations such as those
affecting ALK or large deletions. The latter types afford virtually
perfect specificity for tumor DNA. Using the level of mutant DNA
detected across the mutations found in the tumor, they demon-
strated that cfDNA-based analysis allowed for earlier assessment
of response to treatment than standard-of-care radiographic
approaches and could distinguish between residual disease and
treatment-related imaging changes, such as postradiotherapy
inflammation. This so-called "CAPP-seq" method allowed anal-
ysis of as little as 7 ng of input cfDNA (�1,100 genome equiva-
lents), essentially at the level of the best existing PCR-based target
sequencing methods. This was a significant result, because it
demonstrates the potential for hybridization-based workflows to
compete with PCR-based strategies while allowing for a much
broader and more uniform representation of the analyzed DNA
than PCR-based techniques. We note that very inexpensive
options now exist for obtaining individual capture oligonucleo-
tides or pools that target the exonsof a small number of genes such
as biotinylated DNA LockDown oligonucleotides offered by
Integrated DNA Technologies. This approach allows for flexibility
in designing and modifying such selectors for individual patients
or cohorts. For some tumor types, a smaller selector focusing on a
small panel of exonsmay be suitable, whereas othermay be better
covered using a larger selector that includes genomic regions
commonly affected by structural alterations. An important con-
sideration when designing a selector is that sequencing cost is
proportional to the size of the region being sequenced. It should
be noted, that targeting very small regions is associated with its
own hurdles because the enrichment efficiency of a single capture
are typically on the order of 104-fold, so for the targets smaller,
than approximately 100 kb additional steps, such as two rounds
of capture may be necessary to ensure sufficiently high on-target
mapping rate (82). For patient-specific applications or cancers
with a high mutation rate (or recurrence in a small number of
genes), this may allow deep sequencing to be achieved at a low
cost using "bench-top" NGS devices.

A logical extension of this approach that requires no prior
knowledge of the tumor but assumes the presence of somatic
point mutations affecting exons is the use of whole-exome
sequencing. Early exploration of this strategy was demonstrated
in six patients with a mixture of advanced breast, ovarian, and
lung cancers by Murtaza and colleagues (83). Overall, a strong
correspondence between themutations was detected between the
plasma and the matched tumor and the variant allelic frequency
(VAF) was largely reflective of the level of ctDNA in each plasma
sample. In almost all patients, at least onemutationwas identified
that showed an increase in VAF over the time of the study, and
these included mutations in genes thought to be associated with
treatment resistance in their respective disease such as PIK3CA in a
breast cancer patient treated with paclitaxel. In another example,
Butler and colleagues (84) compared tumor and plasma exomes
from two patients with metastatic sarcoma and metastatic breast
tumor. For sarcoma patients, 47 of 48 mutations identified in the
tumor sample were also found by exome sequencing of the
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cfDNA. However, for the patient with metastatic breast tumor
the authors observed discordance for the H1047R PIK3CAmuta-
tion status. This mutation was detected in primary tumor but
not in matched metastatic and cfDNA samples. ESR1 mutation
(D538G), on the contrary, was observed in both metastatic and
cfDNA samples but not in tumor, and could possibly explain
patient's resistance to estrogen deprivation therapy. The potential
for observing discordance between tumor tissue and liquid biop-
sies via exome sequencing offers many avenues of research for
studying the clonal complexity andpatterns of evolution in cancer
not previously readily accessible due to the invasive nature of
tissue biopsies.

Importantly, despite some potential to observe tumor evolu-
tion and identify variants outside of gene panels or selectors in
more targeted capture-based assays, exome sequencing remains a
niche application. Large target sizemakes achieving the same level
of coverage as for targeted gene sets impractical. Currently, that
and the higher input DNA amount requirements (�100 ng for
Butler and colleagues study; ref. 84), limits exome sequencing to
the analysis of samples with relatively high ctDNA levels that
would allow robust detection of mutations at the relatively
shallow coverage of individual loci. In such scenarios, it is advis-
able to assess ctDNA first using a targeted approach to identify
suitable samples such as those with VAFs of at least 5% at known
mutant sites and high amounts of cfDNA in blood.

Error suppression methods
As we have demonstrated earlier, the mutant VAF in patients'

cfDNA can go as low as 0.01%. Clearly, any strategy to suppress
sources of errors thereby increasing accuracy in detecting mutant
DNA molecules is important for cfDNA analysis. This problem is
equivalent to an extreme case of identifying low-abundance
mutations in tissue samples, which has also proven difficult for
NGS methods. Guntry and Vijg noted that "the single most
important limitation of current MPS approaches from mutation
analysis is the inability to address low-abundance mutations that
turn somatic tissues intomosaics of cells" (85). This argumentwas
based on the comparison of the natural mutation rates in mam-
malian cells (e.g., 0.05�10�9 per base per cell division for human
cells) versus well-established error rates of existing sequencing
platforms, which was estimated in 2012 to be approximately
0.05%–1% and has not significantly changed since.

Besides simple strategies such as using proofreading-enabled
polymerase and a low number of PCR cycles, the most promising
strategy for error suppression is based on the fact that because
DNA is naturally double-stranded, true mutations should be
present in identical positions on both DNA strands from a single
duplex. However, because all widely employed sequencing strat-
egies now include a PCR amplification step, the real problem
becomes distinguishing reads that originate from the same orig-
inal duplex fragment (and thus should be identical) from reads
that originate from multiple DNA fragments covering the same
locus (that were produced from the other allele(s) or other cells in
the analyzed mixture). One of the first solutions to this problem
was proposed in 2011 by Kinde and colleagues. Their "Safe-Seqs"
approach involves usage of pools of primers containing degen-
erate molecular tags that would uniquely barcode all DNA frag-
ments resulting from the initial PCR cycle. The procedure is
followed by a nested PCR to amplify each "family" of fragments
that are later collapsed into consensus sequences. Interestingly,
the authors provide hard data to assess the efficiency of their

approach. In one of the experiments, the authors used DNA from
1,750 individual cells to assess mutation frequency in one gene.
Using endogenous UID approach, 1,057molecules were assessed
or approximately 30% of the total available amount (86). Com-
parable strategies for ligation-based library preparation with
modified adaptors allow individual ligation events to be distin-
guished and even facilitate recognition of the two strands of the
original duplex. Conventional methods to recognize reads deriv-
ing from the same template DNA molecule (i.e., duplicate pairs)
are not suitable for ctDNA because the distribution of fragment
ends is non-random and is likely dictated, in part, by nucleosome
occupancy (87). As the read lengths and the robustness of paired-
end sequencing of the massively parallel sequencing platforms
improved, it became feasible to sequence approximately 200-bp
fragments from both ends. Coupled with the molecular tagging,
this opened the way to drastically decrease the sequencing pipe-
line error rate. For example, the authors of one of such approach,
Schmitt and colleagues estimated the error rate of 3.8� 10�10 in a
model experiment (88). The same group demonstrated the
robustness of their approach by detecting a single ABL1 imatinib
conferring mutation in a sample from the chronic myeloid
leukemia patient (82). The E279K mutation was unambiguously
detected at 1% rate, whereas the error rate of raw sequencing data
would have either completely or partially obscured thismutation.
In our own data, (Assouline and colleagues, in review) we have
directly inferred mutations from ctDNA libraries using a similar
error suppression strategy at levels as low as 1% across a broad
gene panel. An interesting combination approach termed "inte-
grated digital error suppression" (iDES) was described in 2016 by
Newman and colleagues (89). The authors redesigned their pre-
viously published Capp-Seq panel (81) to integrate molecular
barcoding into their workflow. However, analysis of the cfDNA
sequencing results revealed the presence of particular sequencing
artifacts in their cfDNA samples that were not suppressed by bar
coding. This prompted the authors to rigorously examine the
patterns of sequencing artifacts and note that G!T changes were
much more prevalent than C!A changes. Moreover, this imbal-
ance increased proportionately to an increase of the hybridization
time. This allowed the authors to develop an in silico filter to
remove this bias. The combination of in silico filtering and bar-
coding approaches allowed development of the workflow that
had 15 times lower error rate than original CAPP-Seq approach.

An interesting alternative to barcoding techniques capitalized
on the increased read length possible with newer Illumina chem-
istry and suggested the use of rolling circle amplification to ensure
redundant sequencing of individual DNA fragments (90). Briefly,
DNA is fragmented to approximately 130 bp, denatured, circu-
larized, and amplified using Phi29 polymerase. Strand displace-
ment activity of this polymerase ensures rolling circle amplifica-
tion of individual DNA fragments. These can be sequenced on
Illumina MiSeq machines using 500-cycle chemistry. As a result,
each individual fragment of the original DNA mixture will be
read on average three times. Interestingly, the authors demon-
strated that redundant sequencing alone results only in approx-
imately 2-fold reduction of error rate. More detailed analysis of
the sequencing data revealed that most of the noise resulted from
deaminated nucleotides (C!T and G!A transitions due to
deamination of cytosine into uracyl and of guanine into xanthine,
respectively). Treating the circularizedDNA fragmentswithuracil-
DNA glycosylase and (UDG) and formamidopyrimidine-DNA-
glycosylase (Fpg) resulted in excision of deaminated bases, and,
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thus, in linearization of the fragments with such bases. Clearly,
linearized fragments are excluded from subsequent rolling circle
amplification and sequencing. This allowed the authors to achieve
approximately 100-fold reduction in sequencing noise thereby
improving specificity, but presumably at a cost to overall sensi-
tivity due to the loss of some molecules prior to sequencing (90).

To summarize, all of the aforementioned approaches rely on
redundant sequencing of individual DNA fragments to achieve
drastic noise reduction and thus come at a higher cost than
standard applications of DNA sequencing. Circle sequencing
stands apart from other approaches due to lowest sequencing
redundancy, but requires UDG/Fpg enzyme treatment step to
ensure significant noise reduction. Another common problem for
the barcoding approaches is their sensitivity to efficiency of library
construction protocol, starting at ligation of barcoded adaptors
and ending with final PCR amplification of selected DNA frag-
ments. This number can be measured by calculating the ratio of
the detected individual molecules after sequencing to the total
approximate number ofDNAmolecules that enter the assay.Over
last five years, this metric improved from around 30% in 2011
(86) to more than 60% in 2016 (89).

Commercialization efforts
The practical advantages of tumor monitoring from blood

have spurred a number of commercialization efforts. To date,
one of the most successful enterprises in this space is Guardant
Health Inc. Its proprietary approach appears to be a variant of
the barcoding method termed "digital sequencing" (91) based
on the "nonunique" heptamer barcodes that tag both 50 and 30

ends of cfDNA fragments. The company claims that this process
is 5–10 times more efficient than other existing workflows and
that minor alleles at approximately 0.1% prevalence can be
detected with extremely high specificity. The analysis workflow
also allows for identification of the copy number gains, as long
as the CN gain exceeds 2.2-fold in the cfDNA. Guardant Health
offers a 54-gene panel for cfDNA-based screening of melano-
ma, lung, and breast cancer patients that allows both SNV
detection and gene copy number evaluation. Other important
players in this field including Personal Genome Diagnostics
Inc. led by John Hopkins team that includes Drs. L. Diaz and
V. Velculescu and Cambridge, MA based Foundation Medicine.
The latter recently announced its own version of a barcoding
assay that is also aimed at detecting low-level contamination in
cfDNA samples.

One potential application of cfDNA that has been long envi-
sioned is its use in identifying cancers prior to any symptoms, but
owing to the difficulty and likely cost of tackling this problem,
there are no studies yet demonstrating the feasibility of finding a
solution. In reference to this "holy grail" application, in January
2016, Illumina Inc announced launch of GRAIL, a new company
dedicated to developing and implementing cfDNA-based assay
for the early detection of cancer in asymptomatic individuals. No
details on the underlying technology have been released, beyond
the statement that ultra-deep sequencing (20,000� or more) will
be one of the cornerstones of the approach. A recent presentation
for investors released by Illumina outlines two scenarios: one
"best case" which assumes that GRAIL will develop a test suitable
for high-risk individuals inwhom cancers at higher stages (stage II
and above) would be sought. Ultimately, they also plan to target
patients in the general population using an approach suitable for
early-stage cancer. In both cases, the analysis cost is expected to fall

in $500—1,000 range. While the investor's presentation men-
tions "error-corrected reads", no details on the GRAIL's approach
to error correction are available yet. To summarize, the liquid
biopsy clearly represents an appealing area for commercializa-
tion. Thus far, the commercial success appears to be favoring
companies that employ some form of error correction in their
technologies, a trend we expect to continue.

Conclusion
The concept of precision oncology has as its foundation the

ability to detect clinically relevant and actionable tumor-specific
changes in a timely fashion. This may be achieved using temporal
cfDNA assays to monitor adaptation to therapy and identify
actionable mutations. cfDNA-based profiling of cancer patients
offers a number of critical advantages for essentially real-time
monitoring of a tumor response to therapy in cancer patients.
These include integral representations of tumor heterogeneity,
ease of sampling, minimal invasiveness and morbidity, and low
cost. However, tumor-derived DNA usually constitutes only a
small percentage of total cfDNA so the ability to detect rare
genome aberrations is an essential requirement for cfDNA anal-
ysis pipelines. Another important parameter is the spectrum of
genomic changes the technology is capable of detecting. While
targeted assays can be fruitful in the clinical setting, sequence-
based approaches offer clear advantages in terms of flexibility of
coverage and the ability to detect a wide range of aberrations in
tumor genomes. This flexibility will be especially important for
managingmetastasis and resistance to therapy; widely recognized
to be among the most important problems in cancer manage-
ment. Resistance to therapy can be driven by a wide range of
genomic aberrations such as point mutations and copy number
aberrations. Moreover, resistant subclones can constitute a very
small proportion of the tumors total clonal population until the
selective pressure of therapy leads to their rapid expansion.
Clearly, the early detection of resistant clones requires sensitivity
to detect such events. However, this requires minimizing noise in
the ctDNA analyses and pushing the sensitivity of detection to the
theoretical limits imposed by the plasma levels of ctDNA. Recent
evidence suggests that the most promising technology for this is
based onmolecular tagging-based workflows that suppress errors
introduced by PCR and sequencing. This approach is limited
mainly by the ctDNA sampling efficiency and is straightforward
to scale and thus offer enormous potential for monitoring ctDNA
in cancer patients and possibly for screening healthy asymptom-
atic individuals.
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