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Liquid biopsy: unlocking the potentials of cell-free DNA
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Abstract Circulating tumor DNA (ctDNA) has garnered
much excitement over the past few years for its potential clin-
ical utility as a surrogate for tumor biopsies in early cancer
detection and prognosis. Numerous studies have demonstrat-
ed that ctDNA is shed into the circulation and is elevated in
disease states such as cancer. Despite the low levels of ctDNA
in the Bsea^ of normal DNA, advances in next generation
sequencing (NGS) and digital polymerase chain reaction
(PCR) technologies have led to dramatic improvements in
variant detection sensitivity and specificity. These technolo-
gies allow the quantification of ctDNA, providing both prog-
nostic and predictive information. Here, we review the history
of cell-free DNA and different technologies for the detection
of ctDNA in cancer and describe the different modalities for
using ctDNA in clinical oncology.
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Introduction

Our ability to adequately treat and manage disease hinges on
an accurate and proper diagnosis. Historically, tissue biopsies
have been the gold standard in oncology, providing

histopathological information on whether or not a lesion is
malignant. In addition to determining whether a lesion may
be malignant, tissue biopsies provide a reservoir of genetic
information. In a seminal study, Wood et al. utilized Sanger
sequencing to unravel the range and frequencies of genetic
alterations that make up breast and colorectal tumors, now
known as the Bcancer genome landscape^ [1]. The hope is that
this genetic information can reveal what genes might be al-
tered or disrupted that promote cancer, namely Bdrivers,^ and
how these alterations can be targeted.

However, despite their utility, there are challenges to ac-
quiring tissue biopsies, such as surgical biopsies, and how
they are processed for subsequent analysis. Surgical biopsies
are inherently invasive and, depending on the stage of the
disease and the amount of tissue isolated, can be limiting in
quantity for genomic analysis. Most tumor tissues are subse-
quently preserved in formalin-fixed, paraffin-embedded
(FFPE) blocks for pathological interpretation and staining.
However, this process crosslinks and fragments DNA, jeopar-
dizing their structural integrity and introduces challenges for
sequencing and interrogating genomic alterations. Lastly, can-
cer is an inherently heterogeneous disease, where different
areas of the same tumor or different metastases can arise from
different subclonal populations, namely intra- and
intertumoral heterogeneity, respectively. Sampling a single
site provides only a single spatial and temporal snapshot and
unlikely to reflect the dynamic tumor heterogeneity in patients
[2].

In light of this, development of noninvasive techniques
such as liquid biopsies as a surrogate for tissue biopsies has
garnered increased interest. Compared to surgical biopsies,
blood draws are minimally invasive and provide a source of
cell-free DNA (cfDNA) for serial sampling to monitor dis-
ease. cfDNA is derived from all cells, including both normal
and cancers cells, the latter more commonly referred to as
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ctDNA. Current methods and considerations for the extraction
of cfDNA and ctDNA have been reviewed elsewhere [3].
Since the DNA of cancer cells harbors somatic alterations,
that is, variants, amplifications, and rearrangements not pres-
ent in normal cells, cancer DNA presents a unique Bfinger-
print^ that can be used to differentiate cancer from non-
cancerous cells. Indeed, studies have demonstrated that the
mutational profile generated from analyzing ctDNA generally
reflects the same somatic alterations found in patients’ can-
cers, and can sometimes capture mutations not present in the
initial biopsy [4, 5]. Here, we explore the origins of ctDNA,
how ctDNA is becoming a surrogate for tissue biopsies, and
the various applications for ctDNA in cancer diagnosis, detec-
tion, and disease monitoring.

Origin of cfDNA

Although circulating DNA is currently a major and relatively
new focus of maternal fetal medicine and cancer research, in
1948, Mandel and Metais were the first investigators to pub-
lish their findings on cfDNA, referring to free floating DNA
that circulates in human blood [6]. At the time, the clinical
implications of these findings were largely unappreciated and
consequently, the potential utility of these findings unrealized.
Moreover, the mechanism of how cfDNA enters the circula-
tion was a mystery. In fact, it is still unclear precisely how
cfDNA enters the circulation and whether these circulating
nucleic acids have any biological function. Despite knowl-
edge regarding the existence of cfDNA, it would not be until
several decades later that Leon et al. reported cancer patients
having higher levels of total circulating DNA compared to
healthy controls [7]. Specifically, Leon et al. observed greater
levels of circulating DNA in the plasma of patients who had
advanced cancer compared to individuals with localized dis-
ease. This phenomenon was further corroborated in subse-
quent studies [8–11]. Unfortunately, due to the lack of speci-
ficity in these assays and the wide degree of variability be-
tween patients, clinical validity and utility were never proven
for the use of total circulating DNA as a prognostic or predic-
tive biomarker for clinical oncology.

While the exact mechanisms by which cfDNA is released
into the blood remains unknown, current evidence from sev-
eral studies suggests that these DNA fragments are derived
from necrotic or apoptotic cells that have been engulfed by
macrophages [12, 13]. Moreover, compared to healthy con-
trols, the average fragment length of ctDNA found in lung
cancer patients for the BRAF V600E mutant allele is shorter
than the fragment length of the wild-type allele (132–145 vs.
165 bp, respectively), suggesting a means to discriminate be-
tween these populations of cell-free DNA [14]. Other modes
of secretion have been proposed whereby DNA fragments are
actively released into the circulation [15–18]. It is possible and
likely that the release of cfDNA into the circulation by cells

involves multiple processes depending on the disease (e.g.,
cancer or inflammation) or physiologic state (e.g., pregnancy),
as well as the chronicity of the situation (e.g., early stage
versus metastatic cancer or first versus third trimester of preg-
nancy) [19–21]. Lastly, cfDNA, and more specifically
ctDNA, can be present in a number of bodily fluids including
blood, urine, and saliva, though the majority of studies have
focused on the use of plasma as described below. Serum has
also been used as source of ctDNA and considerations be-
tween plasma and serum for mutation detection have been
reviewed elsewhere [22].

Detection of ctDNA

While the large majority of circulating cfDNA originates from
normal cells, advances in digital PCR and NGS have allowed
for the discrimination of ctDNA from wild-type DNA in
blood with high specificity and sensitivity. Digital PCR was
first described by Vogelstein and Kinzler and is based on the
principle of diluting DNA such that single DNA molecules
can be separated into individual compartments [23]. The term
Bdigital^ refers to the binary aspect of such a dilution strategy
since the idea is that each compartment will have 0 or 1 mol-
ecule of DNA. Although the concept of digital PCR was thus
put forth, it would not be until several years later that new
methods of high-throughput digital PCR would enable its
use for cancer research, the first platform termed BEAM for
Beads, Emulsions, Amplification, and Magnetics [12].
BBEAMing^ as it is now called allowed for a semi-
automated method of assaying hundreds of thousands of indi-
vidual digital PCR compartments, in this case water in oil
emulsions. Once separated, DNA molecules are PCR ampli-
fied on magnetic beads massively and in parallel, and fluores-
cent probes specific for the mutation or wild-type DNA are
then utilized for detection using a flow cytometer. With this
technology in place, the application of digital PCR to oncolo-
gy could now be tested. A series of studies by the Vogelstein
group utilized BEAMing to identify APC variants in early and
advanced stage colorectal cancer (CRC) patients [12, 24].
BEAMing was capable of identifying ctDNA with high sen-
sitivity and specificity in patients with metastatic colorectal
cancer and tracking response to therapies and progression of
disease due to its quantitative nature [24]. This seminal work
provided the foundation for future studies evaluating digital
PCR in clinical oncology. However, BEAMing, now known
as Bfirst generation^ digital PCR, was not as sensitive for
detecting ctDNA in early-stage colorectal cancer patients,
prompting for more sensitive techniques to detect low levels
of mutational burden.

Advancements in next generation sequencing technologies
have greatly assisted with the detection of low frequency mu-
tations in plasma. In one such study, Forshew et al. used
tagged-amplicon deep sequencing (namely TAm-Seq) to
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examine TP53mutations in ctDNA from 46 advanced ovarian
cancer patients, detecting mutations with allele frequencies as
low as 2% [25]. While the aforementioned study focused pri-
marily on the metastatic setting, Newman et al. developed a
sequencing technique called cancer personalized profiling by
deep sequencing or CAPP-Seq to interrogate the levels
ctDNA in patients with non-small cell lung cancer (NSCLC)
[26]. Using CAPP-Seq, investigators were able to correctly
identify 85% of patients with stage II–IV NSCLC and 96%
of patients as cancer free. Additionally, in patients with stage I
disease, they were able to achieve a sensitivity of 50% and
specificity of 96%, marking the first time NGS-based methods
were utilized for ultralow detection of ctDNA in the early-stage
setting. Concurrent with the advancements of NGS technologies,
advancements in second generation digital PCR platforms,
namely droplet digital PCR (ddPCR), have also allowed for the
interrogation of ctDNA in the early-stage setting [27, 28].

Markers for screening

In oncology, circulating biomarkers have been increasingly
helpful in measuring disease burden, which is traditionally
assessed by radiographic imaging. This is especially critical
when imaging is unable to determine the presence or absence
of tumor. Historically, blood-based protein markers such as
cancer antigen (CA) 19-9, CA15-3, CA27.29, prostate-
specific antigen (PSA), and carcinoembryonic antigen (CEA)
have been utilized to monitor patients during treatment [29].
However, not all cancer subtypes have an analogous protein
biomarker and protein biomarkers may be elevated under con-
ditions not associated with tumor progression. Additionally,
protein biomarkers can persist for weeks, widening their assess-
ment of disease to a window of weeks to months [30–32].
While elevated levels of protein markers found in plasma have
been associated with disease burden, their largest shortcomings
are their limited specificity and sensitivity, exhibiting signifi-
cantly lower sensitivities when compared to ctDNA in colorec-
tal and breast cancer patients [24, 33].

In contrast, ctDNA is largely able to overcome the short-
comings associated with protein biomarkers and disease as-
sessment. First, ctDNA is specific for cancer cells and, in
many cases, reflects the somatic changes found in an individ-
ual’s tumor [28]. Second, the short half-life of ctDNA of ap-
proximately 2 h in vivo allows precise monitoring of changes
in tumor burden or disease progression [24, 34, 35]. Notably,
Diehl et al. demonstrated that ctDNA correlates significantly
with levels of tumor burden. After surgery, patients who
underwent complete resections were observed to have a sharp
drop in ctDNA levels, with a 99% median decrease in ctDNA
after discharge. Lastly, changes in ctDNA levels can predate
changes in imaging or protein markers by up to a few months
[24, 36], making it an ideal substrate for monitoring progres-
sive disease.

While changes to levels of detectable ctDNA have largely
correlated with tumor burden, studies investigating the prog-
nostic value of cfDNA levels present within patients have
provided mixed results. For example, Huang et al. quantified
the levels of cfDNA using real-time PCR and hypothesized
that the amount of cfDNA present would be able to discrim-
inate between patients with breast cancer and those with be-
nign breast disease [37]. While the plasma DNA concentra-
tions in breast cancer patients was significantly higher com-
pared to patients with benign disease, possibly due to in-
creased turnover of cells, there was no association observed
between plasma DNA levels and clinicopathological parame-
ters. However, Garcia et al. found in a prospective study in-
volving 147 breast cancer patients and 35 healthy controls that
the presence of plasma tumor DNA at diagnosis, as quantified
by loss of heterozygosity (LOH) at six different microsatellite
markers and TP53 mutations analyzed over a follow-up peri-
od, was consistently linked to shorter overall survival [38].
These findings are refuted by another study comparing circu-
lating tumor cells (CTC) and levels of ctDNAwhere ctDNA
levels provided no prognostic impact on time to progression
(TTP) or overall survival but CTC numbers were correlated
with overall survival and marginally with TTP [39].
Collectively, the studies highlight that while cancer patients
have higher levels of cfDNA compared to healthy controls,
the quantification of total cfDNA concentrations alone pro-
vide limited diagnostic information.

Concordance between tissue biopsies and ctDNA

While liquid biopsies remain investigational, one of the hur-
dles regarding utilizing ctDNA has been validating the con-
cordance between mutations found in the plasma with those
found in the tumor. Initial studies addressing this concern
involved patients with advanced colorectal cancer where the
concordance between tumor tissue and ctDNAwas 100% [12,
24]. Additionally, our group was one of the first to address
concordance between tumor and ctDNA in patients with met-
astatic breast cancer by analyzing PIK3CA mutations by
BEAMing [40]. In a retrospective cohort of 49 tumors and
temporally matched samples that were analyzed for PIK3CA
mutations, there was 100% concordance between FFPE sam-
ples and ctDNA. However, in a prospective cohort of 60 pa-
tients, there was 72.5% concordance between BEAMing of
PIK3CA mutations in ctDNA and standard sequencing of ar-
chival tissue DNA. It was revealed that because the prospec-
tive study did not require a contemporaneous tissue and blood
sample from each patient, the discordant results were only
present in patients’ whose tumor samples were greater than
3 or more years prior to the time of blood draw. This finding
would no longer be unexpected considering knowledge of
tumor heterogeneity in breast cancer [2]. Similarly, Board
et al. assayed for PIK3CA mutations in patients with
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metastatic breast cancer using a modified allele-specific PCR
approach and found a concordance of 95% in 41 cases with
matched tumor and plasma samples [41]. However, in 30 lo-
calized breast cancers where 14 samples contain a PIK3CA
mutation, no PIK3CA mutations were detected in matched
plasma. It is quite possible the discrepancy in concordance
between these studies is due to difference in the sensitivity
between the techniques that were used.

In metastatic cancer patients, ctDNA detection is relatively
easier than in early-stage disease. This is likely due to the
increased tumor burden inmetastatic disease, as well as cancer
cell necrosis and apoptosis, leading to a disproportionately
higher level of ctDNA in blood. Indeed, one recent study
has shown that mutations found in metastatic breast cancer
tissues could be detected readily in ctDNA using next gener-
ation sequencing (NGS) [4]. We recently published similar
results comparing a new metastatic biopsy with blood obtain-
ed at the time of study entry in triple-negative metastatic breast
cancer patients [42]. These studies and others demonstrate that
ctDNA does indeed capture the majority of mutations found in
corresponding metastatic tissue biopsies. That said, many
groups had already demonstrated that NGS can readily be
used for ctDNA detection in metastatic patients using a can-
didate gene panel or amplicon sequencing approach [43, 44].
Although these studies provided the first proof of principle for
using blood as a way to assess a cancer’s mutational profile in
a relatively noninvasive, repeatable method, these studies in-
dicated that the current digital PCR and NGS technologies did
not yet have reliable sensitivity for detecting cancer at its
earliest stages.

Predicting relapse

Though the studies described above collectively began the
initial enthusiasm of using ctDNA as a Bliquid biopsy,^ the
clinical utility of ctDNA has not been definitively proven,
though ongoing studies are addressing this very issue. Given
the relatively low sensitivity of ctDNA detection for early-
stage solid tumors in past studies, an unanswered question is
whether ctDNA can be used as a genetic biomarker for early-
stage disease. Recent advances in digital PCR technologies,
namely droplet digital PCR (ddPCR), have increased the
throughput and therefore sensitivity of these platformsmaking
this potentially feasible.

In a prospective study conducted by Beaver et al., ddPCR
was employed to detect PIK3CA mutations in plasma from
patients with early-stage (stage I–III) breast cancer [27].
Primary breast tumors and matched pre- and post-surgery
blood samples were collected from 29 patients. DNA was
isolated from these tumors and analyzed by both Sanger se-
quencing and ddPCR for PIK3CAmutations. Sanger sequenc-
ing identified a total of 10 PIK3CA mutations which was
subsequently verified by ddPCR. However, ddPCR was able

to detect an additional five mutations not found by Sanger
sequencing, with two mutations present at differing allelic
fractions in one tumor. Furthermore, of the 15 mutations that
were detected via ddPCR in the tumor samples, 14 were de-
tected in the pre-surgical ctDNA while no mutations were
found in PIK3CA wild-type tumors, yielding a sensitivity of
93.3% and specificity of 100%. Interestingly, 10 patients who
were positive for PIK3CAmutations in pre-surgery ctDNA by
ddPCR had persistent ctDNA post-surgery, with one triple-
negative metaplastic breast cancer patients relapsing within
26 months, providing a proof of principle that early-stage
detection can predict for relapse. However, the short median
follow-up and small sample size of this study prevent defini-
tive conclusions about the prognostic ability of ctDNA in
early-stage breast cancer.

More recently, other studies focusing on early-stage breast
cancer highlight that serial monitoring of ctDNA may predict
for relapse. In a retrospective analysis, Olsson et al. used
whole-genome sequencing to identify tumor specific rear-
rangements and ddPCR to serially monitor 20 patients with
primary breast cancer [45]. The presence of tumor-specific
rearrangements after surgery was highly accurate for postsur-
gical discrimination between patients that did or did not recur
and ctDNA detection preceded clinical detection in 86% of
patients with an average lead time of 11 months. Similarly,
Oshiro et al. examined serum ctDNA in early-stage breast
cancer and found that patients were stratified into BctDNA
high^ versus BctDNA low^ or BctDNA free^ exhibited a
shorter recurrence free-survival and overall survival [46].
Most recently, Garcia-Murillas et al. assessed whether analy-
sis of ctDNA in plasma can be used to monitor for minimal
residual disease [47]. Using samples collected from prospec-
tive studies involving 55 early-stage breast cancer patients
receiving neoadjuvant therapy, detection of ctDNA in plasma
after completion of curative treatment was associated with
metastatic relapse with high accuracy. Their results also found
that mutation tracking in serial samples was able to predict for
relapse with a median lead time of approximately 8 months
before clinical relapse. These studies demonstrate that muta-
tion tracking in early-stage disease may predict for relapse and
that subsequent adjuvant therapeutic intervention can be tai-
lored to patients presenting with minimal residual disease.

Monitoring therapeutic response and drug resistance

Beyond the concept of liquid biopsy for evaluating mutational
status, assessment of ctDNA to detect response to therapies
and drug resistance mutations could be useful for the treat-
ment of metastatic disease. The ability to monitor the emer-
gence of drug resistance affords the possibility of earlier ther-
apeutic intervention and improved clinical outcomes. One of
the first examples of targeted therapies directed at specific
somatic alterations is the use of epidermal growth factor
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receptor (EGFR) tyrosine kinase inhibitors (TKIs) to treat pa-
tients with metastatic non-small cell lung cancer (NSCLC)
[48–50]. Previously, Taniguchi et al. utilized BEAMing to
assay plasma from NSCLC patients to identify potential can-
didates for EGFR-TKIs [51]. In 32 out of 44 patients, activat-
ing mutations were detected in plasma DNA, indicative of
clinical benefit with gefitinib. However, of 23 patients who
were treated with EGFR-TKIs, they also detected a second
site T790Mmutation in ctDNA in 10 patients, which has been
previously identified to impart gefitinib resistance [52].
Taniguichi et al. demonstrated that ctDNA analysis can
be utilized for predicting patients who would respond
and determine those who would develop resistance.
Subsequently, Oxnard et al. demonstrated that serial mon-
itoring of ctDNA can detect T790M mutations weeks to
months before the development of clinical recurrence and
patients who could benefit from second and third genera-
tion EGFR kinase inhibitors such as rociletinib [53]. In
another study, Piotrowska et al. monitored ctDNA from
patients with T790M lung cancer mutations undergoing
rociletinib treatment. They were able to demonstrate that
half of the T790M-positive EGFR-mutant lung cancers
treated with rociletinib become T790 wild-type after pro-
gression, suggesting that reversion to T790 wild-type is a
form of resistance to rociletinib [54]. Lastly, Chabon et al.
used a targeted capture panel with the aforementioned
CAPP-Seq to study resistance in 43 NSCLC patients with
T790M mutations on rociletinib treatment, citing changes
in MET copy number as an emerging form of resistance
[55]. Together, these studies highlight how ctDNA analysis
by digital PCR and NGS is able to undercover novel
changes responsible for drug resistance in NSCLC.

In colorectal cancer, molecular profiling of tumor tissues is
now commonly performed to assess for clinically relevant
genes, such as the presence of KRAS mutations that might
predict for lack of response to EGFR-targeted antibody thera-
py [56]. However, most patients with KRAS wild-type tumors
may not respond to EGFR therapies due to oncogenic activa-
tion downstream of EGFR proteins [57]. Similar to utilizing
ctDNA analysis to monitor the emergence of drug resistance
in lung cancer, early studies in metastatic CRC patients uti-
lized BEAMing to identifyKRASmutations in ctDNA that are
responsible for resistance to antibody-mediated EGFR-
targeted therapy [58, 59]. More recently, Siravegna et al.
exploited ctDNA analysis to genotype colorectal tumors and
monitor clonal evolution during treatment to EGFR-targeted
therapies [60]. They were able to identify somatic alterations
in the EGFR pathway in addition toKRASmutations that were
responsible for primary and acquired resistance to EGFR
blockade. In addition, they were able to show that upon with-
drawal of EGFR-specific antibodies in patients with KRAS
mutations, ctDNA levels of KRAS mutations declined, dem-
onstrating the dynamic nature and evolution of CRC cells

during drug treatment. Beyond identifying resistance muta-
tions, ctDNA may also be used to monitor responses to ther-
apy. A study investigating ctDNA levels as an early marker of
therapeutic response in patients with metastatic colorectal can-
cer found that decreased ctDNA levels obtained shortly after
systemic therapies correlated with computed tomography
(CT) responses at 8–10 weeks [61]. This opens the possibility
of changing therapies earlier for patients who are predicted not
to respond to a new therapy in the metastatic setting, poten-
tially extending the lives of patients with metastatic disease.
The ability to distinguish between patients who have
responded and those who need further treatment can also help
avoid unnecessary treatments in CRC patients who would not
benefit, including those with emerging drug resistance
mutations.

Recently, multiple studies have shown that liquid biopsies
could be used to monitor the emergence of endocrine resis-
tance in breast cancer. Several groups demonstrated that met-
astatic breast cancer patients who progressed on endocrine
therapies developed mutations in the gene encoding estrogen
receptor-alpha, ESR1 [62–66]. In a retrospective analysis, our
group determined that patients with metastatic breast cancer
treated with endocrine therapies were found to contain ESR1
mutations in both their tissue and plasma when blood was
collected less than a year after their tissue biopsies [67]. In a
prospective cohort where blood and tissue were taken simul-
taneously, ESR1 mutations were found in the ctDNA of pa-
tients who were not positive in their corresponding tissue,
highlighting the emergence of resistance clones not present
when sampling one tissue biopsy by NGS. Intriguingly, some
blood samples contained multiple ESR1 mutations at distinct
clonal frequencies, arguing for parallel yet separate clonal
populations of resistance. Subsequently, other groups also de-
tected the emergence of ESR1mutations in patients with met-
astatic breast cancer [68, 69]. While activating mutations in
ESR1 are thought to be associated with metastatic breast can-
cer, Wang et al. demonstrated that it is possible to detect ESR1
mutations in primary tumors, albeit at low allelic frequencies
[70]. Similar to the aforementioned studies, Schiavon et al.
found a high concordance between tumor and blood for the
detection of ESR1 mutations [71]. However, they found pa-
tients with ESR1 mutations have a substantially shorter
progression-free survival (PFS) on subsequent aromatase
inhibitor-based therapies and that the prevalence of
ESR1 mutations is markedly higher if patients were ex-
posed to endocrine therapies in the metastatic setting
compared to the adjuvant setting. More recently, ESR1
mutational status was used to predict for resistance or
sensitivity to certain combinations of endocrine thera-
pies [72]. Collectively, these studies underscore the op-
portunities afforded by monitoring breast cancer patients
for ESR1 mutations to ascertain which therapies and
treatment schedule may be the most effective.
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Conclusion

In summary, analysis of ctDNA by digital PCR and NGS
technologies holds tremendous promise to noninvasively
detect tumor-specific alterations in blood. Due to the high
sensitivity of these technologies and short half-life of
ctDNA, ctDNA provides a quantitative and qualitative mo-
lecular snapshot to monitor tumor burden, response to
therapy, track genomic evolution and tumor heterogeneity,
identify candidates for targeted therapies, and detect the
emergence of drug resistance. While the majority of the
work regarding ctDNA has been done in patients with
advanced cancer where the levels of ctDNA are relatively
high, advancements in these technologies have allowed for
detection and monitoring of early-stage disease. The hope
is that early detection of cancer can afford opportunities
for treatment when cancer is most amenable to cure, while
at the same time, sparing these early-stage patients from
overtreatment, i.e. measuring the absence of minimal re-
sidual disease may define cure and preclude the need for
adjuvant therapies. While digital PCR and NGS technolo-
gies have opened doors for early detection of cancer mu-
tations, there are still questions that remain to be an-
swered. To date, most studies have been conducted retro-
spectively with limited patient numbers, or retrospectively
analyzed samples from pooled prospective clinical studies.
Larger, prospective studies dedicated to directly answering
the clinical validity/utility of ctDNA are needed before its
use can be incorporated into routine clinical practice.
Moreover, it is still unknown how the detection of somatic
changes in ctDNA will influence treatment and whether or
not this will affect progression-free and overall survival.
Until further research is able to prove otherwise, ctDNA is
unlikely to replace tissue biopsies and information from
both types are likely to complement each other. It is not
definitively clear whether all tumor types shed ctDNA in
detectable amounts and consequently, liquid biopsies
would miss these mutations. Despite the utility of liquid
biopsies, to date, detection of ctDNA fails to pinpoint the
exact origin of the tumor or subclonal population. Clearly,
further work is needed to resolve these issues. However,
the ability to detect ctDNA and its promise for carrying
clinical oncology into an era of truly personalized medi-
cine is apparent. With further research and validation, de-
tection of ctDNA will bring about a paradigm shift on
how we manage and treat all cancer patients.
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