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Abstract: Circulating tumor DNA (ctDNA), accurately described by the term liquid profiling (LP),
enables real-time assessment of the tumor mutational profile as a minimally invasive test and has
therefore rapidly gained traction, particular for the management of cancer patients. By LP, tumor-
specific genetic alterations can be determined as part of companion diagnostics to guide selection of
appropriate targeted therapeutics. Because LP facilitates longitudinal monitoring of cancer patients,
it can be used to detect acquired resistant mechanisms or as a personalized biomarker for earlier
detection of disease recurrence, among other applications. However, LP is not yet integrated into
routine care to the extent that might be expected. This is due to the lack of harmonization and
standardization of preanalytical and analytical workflows, the lack of proper quality controls, limited
evidence of its clinical utility, heterogeneous study results, the uncertainty of clinicians regarding the
value and appropriate indications for LP and its interpretation, and finally, the lack of reimbursement
for most LP tests. In this review, the value proposition of LP for cancer patient management and
treatment optimization, the current status of implementation in standard care, and the main challenges
that need to be overcome are discussed in detail.

Keywords: liquid biopsy; circulating tumor DNA; cell-free DNA; cancer management; personalized
medicine; standard care; liquid profiling; clinical oncology

1. Introduction

The development of next-generation sequencing (NGS) has fundamentally changed
our understanding of genetic tumor evolution, including solid neoplasms, and paved
the way for new treatment options enabling personalized cancer medicine, known as
precision medicine. Because solid tumors are characterized by an abundance of genomic
variations [1], a large number of small molecules or therapeutics that precisely target specific
molecular targets that are altered in tumor cells, but not in healthy cells, have been approved
for cancer treatment or are currently under investigation in clinical trials. An overview of
these molecular druggable targets and their respective targeted therapeutics is provided
in the OncoKB knowledge base [2]. To date, the gold standard for stratifying patients
based on above molecular genetic alterations remains tissue biopsy [3]. However, tissue-
based testing requires a biopsy that is associated with a general risk of complications [4,5],
is unavailable in up to 30% of patients [6], and cannot be obtained frequently. Tissue-
based testing is often based on archived formalin-fixed paraffin-embedded (FFPE) primary
tumor tissue, which bears the risk of altered DNA and DNA cross-linking due to chemical
modifications during the archiving process [7,8]. Most importantly, solid tumors exhibit
spatial heterogeneity within primary site and metastases, and genetic tumor profile changes
over time, particularly under the selection pressure of targeted therapy [9]. Thus, testing of

Diagnostics 2022, 12, 748. https://doi.org/10.3390/diagnostics12030748 https://www.mdpi.com/journal/diagnostics

https://doi.org/10.3390/diagnostics12030748
https://doi.org/10.3390/diagnostics12030748
https://doi.org/10.3390/diagnostics12030748
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com
https://orcid.org/0000-0002-8380-6581
https://doi.org/10.3390/diagnostics12030748
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com/article/10.3390/diagnostics12030748?type=check_update&version=1


Diagnostics 2022, 12, 748 2 of 15

tissue biopsy may fail to detect genetic alterations and does not allow the monitoring of
genetic tumor evolution longitudinally.

The concept of liquid biopsy emerged almost a decade ago as an attractive alternative
and represents one of the most active research areas in oncology [1]. Although liquid
biopsy comprises analysis of circulating tumor DNA (ctDNA), circulating tumor cells
(CTC), exosomes, and tumor-derived platelets, among others, most commonly used in
precision medicine is ctDNA because it promises to negate the limitations of tissue-based
genetic testing. ctDNA analysis can precisely be described by the term liquid profiling
(LP) as it relies on the detection of tumor-associated genetic or epigenetic alterations in
different body fluids of tumor patients. It allows researchers to assess the cumulative
genetic tumor profile longitudinally in a minimally invasive manner, in real-time, from
a single blood draw, as the most frequently used sample material [10]. Thus, LP mirrors
intra- and intertumoral heterogeneity and, if performed over time, facilitates the detection
of acquired drug-resistance mechanisms [11–13]. However, little is known about the origin
and biological function of ctDNA, and it often represents only a minute fraction of total
cell free DNA (cfDNA), which predominantly originates from hematopoietic cells [14].
The fraction of ctDNA of total cfDNA varies from 0.01% to more than 60%, depending on
tumor stage, tumor type, and tumor burden, as well as treatment regime and timing of
sampling [15–17]. Moreover, physiological and pathophysiological conditions associated
with increased turnover of normal tissue or blood cells (e.g., exercise, inflammation, trauma,
obesity) may alter ctDNA fraction. In addition to the low abundance, the short half-life
of 15 min to 2.5 h with clearance by kidney, liver, and nuclease activity compromises
diagnostic testing, as does the highly fragmented nature [12]. The mean fragment size
of cfDNA of 167 bp and multiples thereof corresponds to nucleosomes [18] and suggests
the predominant origin from apoptotic cells besides necrosis and active secretion [19,20].
Noticeably, it has been shown that ctDNA is 20 base pairs shorter than cfDNA from
healthy cells that might be explained by differences in the nucleosomal patterning between
malignant and hematopoietic cells and DNase activity [18,21].

The described inherent characteristics of ctDNA pose major challenges for detection
and interpretation of liquid profiling test results. Thus, it is not surprising that a plethora
of preanalytical and analytical workflows have been developed for the extraction, quan-
tification, and further genetic testing of ctDNA, which has led to a lack of harmonization
and standardization of LP testing to date. However, consensus and standard operating
procedures are urgently needed for successful implementation in standard care. This review
therefore focuses on (i) the main clinical applications of ctDNA testing and their potential
utility in standard care, (ii) the status quo of LP implementation in routine diagnostics,
and (iii) challenges/limitations that need to be addressed for LP to reach its full diagnostic
potential in patient care in the future.

2. Clinical Application

The clinical value of LP by means of ctDNA analysis has been intensively investigated
in numerous studies and initial clinical trials in the past decade for a wide variety of cancer
types, including colorectal cancer [17,22,23], malignant melanoma [24], non-small cell lung
cancer (NSCLC) [25], and breast cancer [26]. In principle, LP can be used for (i) companion
diagnostics and detection of resistance mechanisms, (ii) treatment monitoring, (iii) detection
of minimal residual disease (MRD) and assessment of prognostic value, and (iv) early cancer
detection and screening (Figure 1).

2.1. Companion Diagnostics and Detection of Resistance Mechanisms

Companion diagnostics refers to the detection of specific genetic variations as a prereq-
uisite for the administration of targeted therapeutics. Since solid neoplasms are genetically
heterogeneous, the number of druggable targets and respective tailored treatment options
are continuously growing, and with it the importance of genetic tumor profiling [27]. The
use of LP as alternative to tissue-based testing has been evaluated in numerous studies
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for different cancer types, with various levels of concordance reported between both sam-
ple materials, ranging from less than 50% to more than 90% when tissue-based testing is
considered the gold standard [16,28–30]. Mostly, meta-analyses report a high specificity of
93.5–98.0% and a moderate overall sensitivity of 62.0% to 75.0% [31–35]. In principle, the
level of concordance clearly depends on the testing indication, with two different scenarios.
Patients with advanced disease who undergo genetic testing to select first-line targeted
therapy usually have high levels of ctDNA, and the majority of variations tested are truncal
mutations because they are founder mutations occurring early during carcinogenesis [3].
Such variations, like in B-Raf proto-oncogene, serine/threonine kinase (BRAF) in malignant
melanoma, occur in all tumor cells and thus have a high variant allele frequency (VAF)
of often >1% in cfDNA in the described setting. In these cases, a concordance level well
above 90%, much higher than the overall described sensitivity of LP is reported in the
literature [24,29,36,37]. The clinical utility of LP has been demonstrated for the detection
of epidermal growth factor receptor (EGFR) mutations in non-small cell lung cancer (NSCLC)
patients or for the detection of KRAS proto-oncogene, GTPase (KRAS) mutations in patients
suffering from metastatic colorectal cancer (CRC) [36,38]. In NSCLC patients, comparison
of patient outcomes of targeted therapy based on LP (937 patients) and tissue (5582 pa-
tients) revealed similar results (LP 13.8 month vs. tissue-based selection 10.6 month) [39].
Thus, these companion diagnostic tests are now included in national and international
guidelines as alternative to tissue-based testing in cases biopsies are unavailable, of poor
quality, or can only be obtained by increased risk [27]. The second scenario relates to the
detection of emerging resistance mechanisms under targeted therapy. These variations
are subclonal and therefore characterized by a low VAF of less than 0.1% in more than
20% of cases [17]. Common examples of acquired resistance to targeted therapy that can be
detected by LP include the emergence of KRAS or NRAS proto-oncogene, GTPase (NRAS)
mutations under anti-EGFR therapy in CRC patients [40,41] or the detection of the EGFR
NP_005219.2:p.T790M mutation after exposure to first- or second-generation tyrosine ki-
nase inhibitors (TKI) [42]. Other main targets include EGFR NP_005219.2:p.C797S or MET
proto-oncogene, receptor tyrosine kinase (MET) amplifications as osimertinib resistance-causing
variations [43], various ALK receptor tyrosine kinase (ALK) mutations in NSCLC patients
under ALK inhibitors [44,45], or of phophatidylinositol-4,5-biphosphate 3-kinase catalytic sub-
unit alpha (PIK3CA) or estrogen receptor 1 (ESR1) variations in breast cancer patients under
hormonal or endocrine treatment regimens [46,47]. Table 1 provides an overview of all
molecular targets for FDA-approved drugs for solid tumors according to OncoKB.

Figure 1. Clinical applications of liquid profiling.
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Table 1. Druggable targets in solid neoplasms modified according to OncoKB.

Gene Alteration Cancer Type

ALK Fusions, Oncogenic Mutations NSCLC
ATM Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
BARD1 Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
BRAF V600 Melanoma
BRAF V600E Anaplastic Thyroid Cancer, CRC, NSCLC
BRAF V600E, V600K Melanoma

BRCA1 Oncogenic Mutations Ovary/Fallopian Tube, Ovarian Cancer, Peritoneal Serous
Carcinoma, Prostate Cancer, NOS, Prostate Cancer

BRCA2 Oncogenic Mutations Ovary/Fallopian Tube, Ovarian Cancer, Peritoneal Serous
Carcinoma, Prostate Cancer, NOS, Prostate Cancer

BRIP1 Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
CDK12 Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
CHEK1 Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
CHEK2 Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
EGFR Exon 19 deletion, L858R NSCLC
EGFR Exon 20 insertion NSCLC
EGFR G719 NSCLC
EGFR L861Q NSCLC
EGFR S768I NSCLC
EGFR T790M NSCLC
ERBB2 Amplification Breast Cancer, Esophagogastric Cancer
FANCL Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
FGFR2 Fusions Bladder Cancer, Cholangiocarcinoma
FGFR3 Fusions Bladder Cancer
FGFR3 G370C, R248C, S249C, Y373C Bladder Cancer
IDH1 R132 Cholangiocarcinoma, Intrahepatic Cholangiocarcinoma

KIT A502,Y503dup, K509I, N505I, S476I,
S501, A502dup Gastrointestinal Stromal Tumor

KIT A829P and 5 other alterations Gastrointestinal Stromal Tumor
KIT D572A and 65 other alterations Gastrointestinal Stromal Tumor
KIT K642E Gastrointestinal Stromal Tumor
KIT T670I Gastrointestinal Stromal Tumor
KIT V654A Gastrointestinal Stromal Tumor
KRAS G12C NSCLC
KRAS Wildtype CRC

MET D1010, Exon 14 deletion, Exon 14 splice
mutation NSCLC

NF1 Oncogenic Mutations Neurofibroma
NRAS Wildtype CRC
NTRK1 Fusions All Solid Tumors
NTRK2 Fusions All Solid Tumors
NTRK3 Fusions All Solid Tumors
PALB2 Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
PDGFB COL1A1-PDGFB Fusion Dermatofibrosarcoma Protuberans

PDGFRA Exon 18 in-frame deletions, Exon 18 in-frame
insertions, Exon 18 missense mutations Gastrointestinal Stromal Tumor

PIK3CA C420R and 10 other alterations Breast Cancer
RAD51B Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
RAD51C Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
RAD51D Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
RAD54L Oncogenic Mutations Prostate Cancer, NOS, Prostate Cancer
RET Fusions NSCLC, Thyroid Cancer
RET Oncogenic Mutations Medullary Thyroid Cancer
ROS1 Fusions Non-Small Cell Lung Cancer
SMARCB1 Deletion Epithelioid Sarcoma

Abbreviation: NOS = not otherwise specified.
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As the clinical utility of LP has been demonstrated for companion diagnostics for
certain cancer types, the Food and Drug Administration (FDA) has approved four com-
panion diagnostic tests to date. These include the cobas EGFR Mutation Test v2 from
Roche that is a quantitative PCR (qPCR)-based test to detect EGFR exon 19 deletions
or NP_005219.2:p.L858R substitution in metastatic NSCLC patients to identify eligibility
for TKI treatment as well as for EGFR NP_005219.2:p.T790M resistance mutation [38].
Another qPCR-based test, therascreen PIK3CA RGQ PCR Kit from QIAGEN GmbH, was
FDA approved for PIK3CA mutation detection in liquid biopsy for postmenopausal, hor-
mone receptor (HR)-positive, human epidermal growth factor receptor 2 (HER2-)-negative
advanced breast cancer patients before administration of alpelisib in combination with
fulvestrant [48]. Additionally, two NGS-based tests have recently achieved FDA approval:
the Guardant360® CDx from Guardant Health to determine EGFR status in NSCLC patients
and the FoundationOne® Liquid CDx from Foundation medicine for NSCLC, metastatic
castrate resistant prostate cancer (mCRPC), ovarian and breast cancer patients before ad-
ministration of TKI, PIK3CA, or poly(ADP-ribose) polymerase 1 (PARP) inhibitors [48]. An
overview of all FDA-approved tests and their respective indication is provided in Table 2.
However, in addition to these tests, a vast amount of research use only (RUO) assays are
on the market that need to be validated as laboratory developed tests for a specific clinical
indication by the respective laboratory before they can be offered in clinical care.

Table 2. FDA-approved LP tests.

Company Test Method Indication

Roche cobas EGFR Mutation test v2 qPCR
Detection of EGFR driver mutations in patients
who may benefit from tyrosine kinase inhibitor
(TKI) treatment

Qiagen therascreen PIK3CA RGQ PCR Kit qPCR

PIK3CA mutation detection in liquid biopsy for
postmenopausal, hormone receptor
(HR)-positive, human epidermal growth factor
receptor 2 (HER2-)-negative advanced breast
cancer patients

Guardant Health Guradant360 CDx NGS
Detection of EGFR and KRAS mutations
eligible for FDA-approved treatment in
patients with NSCLC

Foundation Medicine FoundationOne Liquid CDx NGS

Used as a companion diagnostic to identify
patients (with NSCLC, prostate cancer, ovarian
cancer, breast cancer) who may benefit from
treatment with targeted therapies

2.2. Treatment Monitoring

Monitoring of response to treatment and detection of relapse is usually based on
analysis of conventional protein tumor markers and imaging. However, imaging is limited
in terms of sensitivity and specificity [49] and does not allow assessment of molecular
tumor evolution [50]. Since LP enables the detection of tumor associated variations in
real-time, it can complement or even replace imaging in certain cases [51]. By identification
of tumor-specific variations, it can be used as a personalized molecular tumor marker for
surveillance of cancer patients [23,52–54]. The ability of LP to monitor treatment efficacy
has been investigated in numerous clinical studies, and in general, ctDNA levels have been
reported to correlate well with protein tumor markers and imaging findings [5,17,24,55–57].
Specifically, an early decrease in ctDNA levels is associated with response to therapy,
whereas an increase indicates tumor progression. In some studies, LP has been found
to shorten the lead-time compared to imaging by up to 10 months [24,58,59]. However,
in cases of peritoneal metastases or intracranial lesions, the detectability of LP is limited,
e.g., due to retention of ctDNA by the blood–brain barrier. Another limitation of LP includes
the lack of topological information and the lack of standardized/optimized testing times
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during follow-up of patients [17,50]. Thus, imaging and laboratory findings should be
evaluated integratively.

2.3. Minimal Residual Disease and Assessment of Prognosis

The negative prognostic value of cfDNA concentration and ctDNA positivity or
level for progression-free survival (PFS) and overall survival (OS) of cancer patients has
been revealed by meta-analyses [60,61]. After local therapy, analysis of ctDNA can be
used for actionable health guidance by identifying MRD and thus patients at high risk
of relapse [23,62,63]. This has been demonstrated in first proof-of-principle studies for
several cancer types, including CRC, NSCLC, or breast cancer [11,23,58,64,65]. Importantly,
this is also the case in early tumor stages. Tie et al. have shown that ctDNA positivity in
stage II CRC patients indicates relapse and thus the need for adjuvant chemotherapy [23].
Conversely, negativity might indicate a complete response and thus obviate the need for
adjuvant therapy. This is currently the subject of prospective clinical trials [62,63].

2.4. Early Detection/Screening

Recently, Cohen et al. were the first to report the potential value of LP for early detec-
tion of cancer when combined with conventional protein tumor markers as a pan-cancer
test [66]. However, the use of this test in general population is not suitable because of the
low prevalence of cancer and the resulting low positive predictive value of the test. Never-
theless, the combination of different diagnostic approaches could allow cancer screening
for subpopulations of individuals at increased risk. Such an approach was reported in the
DETECT-A trial, in which LP screening was limited to patients with a positive Papanicolaou
test for detection of endometrium and ovarian cancer [67]. Although these study results
are promising, further applications, clinical trials and large-scale prospective studies will
be necessary to elucidate the feasibility and true value of LP for cancer screening. To date,
there is one blood-based test, Epi proColon® (Epigenomics AG, Berlin, Germany), that
detects tumor-associated epigenetic changes and is FDA-approved for CRC screening [68].
Thus, the detection of epigenetic alterations could represent an attractive alternative to the
detection of genetic alterations in the context of cancer screening.

3. Current Status of and Challenges for Clinical Implementation

The clinical utility of LP has been demonstrated for companion diagnostics, and four
different kits have been approved by FDA for use in standard care. Beyond this application,
the clinical validity and utility of LP has not yet been established. However, based on
research and study results, LP is thought to have the potential to revolutionize diagnostics
in oncology by enabling a personalized diagnostic approach through the use of individual
tumor-specific biomarkers for treatment monitoring and surveillance of cancer patients,
in addition to tailoring treatment to current needs arising from real-time monitoring of
tumor evolution. Nevertheless, the implementation of LP in standard care remains below
expectations and is progressing slowly, with few applications being integrated into routine
care. Thus, there are also few studies to date reporting on the use of LP in everyday clinical
practice. For example, Aggarwal et al. demonstrated that the use of plasma-based NGS
testing for the routine management of stage IV NSCLC patients could identify an increased
number of drug-responsive targets, allowing for improved molecularly guided therapy [5].
Soria-Comes et al. evaluated the comparability of tissue-based and blood-based genetic
testing in a real world setting for NSCLC patients and reported an overall agreement of
87.4% for EGFR [69]. An even higher concordance of 91.7% for assessment of KRAS/NRAS
and BRAF mutational status in CRC patients, as part of routine care, was recently reported
by Hedtke et al. [17]. In addition, for advanced NSCLC patients, a positive impact on the
clinical decision-making process and the treatment outcome was reported when using
plasma-based NGS genotyping for therapeutic decisions in a real-world setting [6].

Despite these initial promising reports, there is consensus that several key obstacles
must be overcome for the successful introduction of LP into standard care. These include
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technical issues such as harmonization and standardization of preanalytical and analytical
workflows, quality assurance of LP testing, and comparability of interpretation and report-
ing of LP test results as a prerequisite for reliable diagnostics [70,71]. This is necessary to
gain the confidence of physicians and patients, integrate LP into guidelines and clinical
workflows, and ultimately obtain reimbursement [72]. In the following, these obstacles will
be discussed in detail.

3.1. Technical Challenges

Technical challenges of LP result from (i) the low concentration of cfDNA, (ii) its highly
fragmented nature, (iii) the low fraction of ctDNA in total cfDNA, and (iv) the background
of cfDNA released from hematopoietic and healthy cells, with the risk of harboring age-
related variations or alterations due to clonal hematopoiesis of indeterminate potential
(CHIP) [73–75]. These issues must be considered in the preanalytical workflow and in the
selection of an appropriate analytical method, each step of which may interfere with or bias
LP assay results.

The preanalytical workflow includes all steps from venipuncture to cfDNA extraction.
Although there are no standard operation procedures to date, some general recommenda-
tions are given in guidelines such as that from the European Committee for Standardization
(CEN) and its specific Technical Committee 140 for in vitro diagnostic medical devices
(CEN/TC 140) [76] or by various professional societies [27,77,78]. Regarding the choice
of the blood collection tubes (BCT), serum is not recommended due to the induced leuko-
cyte lysis during the clotting process and consequent release of high molecular weight
(HMW) DNA, leading to dilution of the ctDNA fraction [10,19,79]. Instead, blood should
be drawn in ethylenediaminetetraacetic acid (EDTA) tubes if processed within 4–6 h [79,80]
or within 24 h if stored at 4 ◦C [81,82]. For longer processing times of up to 72 h or
even longer, the use of BCT containing cell-stabilizing agents that inhibit leukocyte lysis
is recommended [81–84]. Importantly, storage temperatures below 4 ◦C or above 40 ◦C
should be avoided [81,83]. The best characterized tubes include Cell-Free DNA BCT® tubes
(Streck, La Vista, NE, United States), Cell-Free DNA Collection tubes (Roche Diagnostics,
Basel, Switzerland), and PAXgene Blood ccfDNA tubes (PreAnalytiX, Hombrechtikon,
Switzerland), with no significant differences reported in terms of cfDNA yields. However,
since 2017, other dedicated BCTs have been launched, but have not been systematically
evaluated so far. For cfDNA isolation from plasma, blood should be processed in two
consecutive centrifugation steps or by one centrifugation followed by filtration [79,83,85].
Slow centrifugation at 1600× g to separate plasma followed by high-speed centrifugation at
16,000× g to remove cell debris is usually recommended [79,83], although no effects of cen-
trifugation force or temperature on cfDNA yield has been reported [86–88]. Plasma should
be stored at −20 ◦C or below, although there is no consensus on long-term storage [79,89].
In any case, repeated freeze–thaw cycles compromise the integrity of cfDNA and should be
avoided [79]. Because cfDNA is highly fragmented, with ctDNA having an even smaller
fragment size, the choice of an appropriate extraction procedure is critical. Specific cfDNA
isolation kits have been developed that preferentially extract small fragments, either based
on spin columns, magnetic beads, or polymers [3]. Importantly, cfDNA yields and fragment
size/integrity vary substantially between different kits [78,90,91], which affects ctDNA
assay results. The highest cfDNA yield and lowest variability are reported for the QIAamp
circulating nucleic acid kit (QIAGEN, Hilden, Germany), which is considered the gold stan-
dard [78,90,92]. The cfDNA yield can be positively influenced by a lysis step/proteinase
K digestion releasing nucleic acids bound to proteins or entrapped in vesicles [70,93,94],
and the elution volume or repetitive elutions [70,93]. Noteworthy, some kits have been
reported to be inappropriate for certain downstream analytical procedures [94]. Finally, the
method used to quantify isolated cfDNA may affect LP results. Spectrophotometric mea-
surement is considered unsuitable for cfDNA quantification [88,95], whereas fluorimetric
approaches by Qubit (Thermo Fisher Scientific, Darmstadt, Germany) have shown good
correlation with absolute quantification by digital droplet PCR (ddPCR) [88]. Nevertheless,
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the variability of cfDNA quantification by Qubit is higher than that of ddPCR or qPCR [78],
with overestimation observed for qPCR depending on the target gene [90,95]. qPCR of
different sized amplicons, Bioanalyzer (Agilent Technologies Deutschland GmbH, Wald-
bronn, Germany), or TapeStation (Agilent Technologies Deutschland GmbH, Waldbronn,
Germany), allow estimation of cfDNA integrity and thus assessment of contamination with
HMW DNA.

The choice of an appropriate, highly sensitive analytical method is of paramount
importance for ctDNA analysis to detect ctDNA fractions as low as 0.01% [15]. Because
the analytical sensitivity of standard molecular genetic techniques is limited to a VAF of
1–10%, a variety of different methods for LP have been developed and are currently in use.
PCR-based approaches such as qPCR, co-amplification at lower denaturation temperature-
based PCR (COLD-PCR) or amplification-refractory mutation system (ARMS)-PCR allow
detection of known sequence variations but are often limited by their analytical sensitivity.
For example, qPCR-based methods—even as an FDA-approved LP test—are only validated
for a VAF > 1% and did not reach the required VAF threshold < 1% when evaluated in
comparison studies [96]. Digital approaches such as ddPCR or beads, emulsification,
amplification and magnetics (BEAMing) are also locus-specific, can be used in small
multiplexing formats, but enable the highest analytical sensitivity. They are therefore
considered the gold standard. NGS with an analytical sensitivity of 1% is not suitable
for LP unless combined with unique molecular identifiers (UMI), so-called molecular
barcoding [97]. Molecular barcoding allows amplicons to be traced back to the original
template, thereby correcting for polymerase- and sequencing-induced errors. However, this
has the disadvantage that the coverage must be increased in form of so-called ultra-deep
sequencing [98]. In principle, NGS-based approaches rely on target amplification or hybrid
capture, the latter also allowing detection of rearrangements. The advantages of NGS are
obvious, as it enables the analysis of unknown sequence variations, copy number variations,
small or large panels, or even the determination of the blood tumor mutational burden
(bTMB) [99]. On the other hand, this is accompanied by a higher number of false-positive
(due to CHIP, sequencing errors, benign tumors harboring somatic variations) and false-
negative (due to the limited sensitivity, pipeline/alignment limitations) results compared
to digital approaches. Thus, the use of two different detection methods targeting hot-spots
or variations on which clinical decisions are based is recommended [9,100]. Confounding
factors that must be considered in any case include amplicon size and input amount of
cfDNA [9,78]. For example, Lampignano et al. found a higher VAF for ddPCR compared to
NGS, likely due to the smaller amplicon size in case of ddPCR [78]. Weber et al. determined
8 ng cfDNA as the minimum required input for LP, with a significant increase in variability
at lower input amounts [101]. It should be remembered that the limit of detection (LOD) is
clearly dependent on cfDNA input. To achieve an analytical sensitivity of 0.01% at least
30,000 genome equivalents (GE) must be analyzed. Since usually no more than 10,000 GE
can be isolated per mL of plasma, at least total cfDNA from 3 mL of plasma should be
used for LP assays. Overall, a variety of different commercially available kits are on the
market (most of them for research use only), but these have not yet been rigorously tested,
and only a few direct comparison studies are available to determine consistency between
different kits [101]. Recently, sequencing depth has been shown to vary significantly
between different kits, as have detection rates for known sequence variations [101]. Finally,
it is worth noting that concordance depends on the VAF of the sequence variation, with
variations with a VAF > 1% showing a high degree of concordance, whereas increasing
discordance is observed at lower VAF.

Overall, harmonization of preanalytical and analytical protocols is required to ob-
tain robust and reliable results, which are prerequisites for full implementation of LP in
clinical care.
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3.2. Interpretation of Results and Reporting

Data evaluation, bioinformatics pipelines used for NGS files, annotation of identified
sequence variations, and interpretation of LP results in the clinical context can significantly
affect recommendations for clinical decision making. The lack of harmonization also
applies for bioinformatics pipelines currently used for LP that are still under further
development [102]. Algorithms used for alignment and variant calling, such as MuTect,
VarScan, or VarDict, have different performance for different VAFs, resulting in divergent
results. For example, Weber et al. showed that MuTect2 failed to call many alterations
even though they could be clearly identified by visual inspection of the respective binary
alignment map (BAM) file in the Integrative Genomics Viewer (IGV) browser [101]. In
addition, identification of non-tumor derived variations resulting from either germline,
age-related variations from healthy cells, or CHIP is another major challenge [103]. To
address this issue, genomic DNA (gDNA) from leukocytes can be sequenced in parallel
with cfDNA to subtract CHIP or germline variations. However, this increases time and cost.
Bioinformatics subtraction of these confounding variations is an attractive alternative [104],
but increases the risk of bias. Interpretation of variations with a low VAF is generally
difficult because differentiation between false-positive results and subclonal variants may
not be possible. Most importantly, there is as yet no consensus on clinically relevant VAF
thresholds that justify a change in treatment regimen [17,105]. On the other hand, there are
also false-negative results that can be associated with response to therapy, contamination of
the sample with wild-type DNA, or the lack of ctDNA shedding. It may not be possible to
distinguish between true-negative results and the absence of sufficient amount of ctDNA
—unless the presence of ctDNA can be confirmed by other variants, such as when NGS
is used for LP [77,103]. Therefore, terms such as “not detected” should be preferred over
“negative”, and tissue analysis or, if this is not feasible, re-testing over time should be
recommended [77,103]. Finally, for detection of resistance mechanisms it is important to
consider that resistant subclones are expected to shed less ctDNA compared with sensitive
cells [51]. Consequently, LP results need to be evaluated in a diagnostic and clinical context
along with imaging, further laboratory results, and clinical findings.

3.3. Quality Control

Quality assurance by the mean of internal and external quality control (QC) is critical
to ensure reliable test results [106]. Internal QC of the preanalytical workflow should assess
cfDNA yield and integrity [71]. For evaluation of ctDNA analysis, appropriate external
controls should be analyzed in parallel. Unfortunately, these are included in the minority
of commercially available kits. In most cases, reference material offered by companies
such as SensID or SeraCare must be used as an alternative, or controls can be prepared by
sonification or MNase degradation (to match the size of cfDNA) of gDNA isolated from cell
lines [78,95]. Controls should have the same concentration as cfDNA from patient samples
and contain variations that cover the range of naturally occurring VAFs. When using an
assay to detect a known variant, at least one high VAF control, one at the LOD, and one
wild-type control should be analyzed. In a multiplex setting or with large panels, it is not
feasible to include a control for each locus, but at least one should be included for each type
of variant and/or common hotspots. Regarding external QC, external quality assessment
(EQA) schemes are available from several EQA providers, the first of which was offered by
the Reference Institute for Bioanalytics (RfB) back in 2016 [95]. However, to date, there are
no EQAs for bioinformatics pipelines and annotation of identified sequence variations.

3.4. Clinical Acceptance

The successful implementation of a new biomarker into clinical practice requires
integration into guidelines and clinical workflows [107]. Therefore, clinicians must be
convinced of the utility of the particular biomarker for their patients. In the case of LP,
there is still disagreement among oncologists about the value and reliability of ctDNA
analysis [103]. This could be due to heterogeneous study reports [32] and disappointing
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results from some laboratories [108], which can be explained by the use of inappropriate
archived samples in numerous studies [109] and the lack of quality standards and harmo-
nized workflows. In addition, prospective studies demonstrating the clinical utility of LP, a
rapid turn-around time, the establishment of clinically relevant cut-offs that justify a change
in treatment regimen, and appropriate timing of LP requests, are mandatory for successful
clinical implementation [17,72]. However, a few reports describe successful translation into
routine management of cancer patients [6,17].

3.5. Reimbursement

To date, reimbursement options are limited to a few applications in several coun-
tries [72]. For instance, for NSCLC patients, analysis of EGFR mutation status and detection
of the emergence of resistance-causing variation NP_005219.2:p.T790M is reimbursed [110].
The same is true for other FDA- or European Medicines Agency (EMA)-approved tests
in several countries. Because the lack of reimbursement is considered one of the major
obstacles hampering translation into standard care, and because recognition by health
insurers is a lengthy process, the urgent need for prospective large-scale clinical trials for
promising LP applications becomes obvious [72]. Interestingly, the benefits of LP have been
positively evaluated in initial cost-effectiveness studies, and recent increases in private and
public payer reimbursement for LP testing have been noted [111].

4. Conclusions

In conclusion, the clinical applications of LP are as versatile as the preanalytical,
analytical, and bioinformatics workflows. The lack of harmonization and standardization
is considered the major challenge for successful integration in routine cancer patient care.
Thorough validation of the entire workflow from venipuncture to reporting of results, use of
appropriate internal quality controls and participation in EQAs are of utmost importance to
ensure reliability of test results. For implementation in clinical workflows, regular exchange
between the disciplines involved, e.g., within tumor boards, is mandatory. This enables
an integrative evaluation of LP in the diagnostic and clinical context as a prerequisite for
LP to develop its full diagnostic power. In our own experience, recognition by clinicians
and integration into routine care is possible for LP-based companion diagnostics, although
it requires time and patience. Most importantly, analytical test results must be reliable to
gain clinicians confidence. Once accepted, further applications such as use as an individual
biomarker through development of personalized assays for tumor-specific alterations
could be the next achievable step. Ultimately, the next years will shed light on the true
value of LP as a complementary diagnostic tool for the management of cancer patients in
routine diagnostics.

Author Contributions: Conceptualization, V.H.; writing—original draft preparation, V.H.; writing—review
and editing, M.H., M.N. and V.H.; visualization, V.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Diagnostics 2022, 12, 748 11 of 15

References
1. Alix-Panabières, C.; Pantel, K. Liquid Biopsy: From Discovery to Clinical Application. Cancer Discov. 2021, 11, 858–873. [CrossRef]

[PubMed]
2. Chakravarty, D.; Gao, J.; Phillips, S.M.; Kundra, R.; Zhang, H.; Wang, J.; Rudolph, J.E.; Yaeger, R.; Soumerai, T.; Nissan, M.H.; et al.

OncoKB: A Precision Oncology Knowledge Base. JCO Precis. Oncol. 2017, 2017, PO.17.00011. [CrossRef] [PubMed]
3. Volckmar, A.-L.; Sültmann, H.; Riediger, A.; Fioretos, T.; Schirmacher, P.; Endris, V.; Stenzinger, A.; Dietz, S. A field guide for

cancer diagnostics using cell-free DNA: From principles to practice and clinical applications. Genes Chromosom. Cancer 2018, 57,
123–139. [CrossRef]

4. Overman, M.J.; Modak, J.; Kopetz, S.; Murthy, R.; Yao, J.C.; Hicks, M.E.; Abbruzzese, J.L.; Tam, A.L. Use of Research Biopsies in
Clinical Trials: Are Risks and Benefits Adequately Discussed? J. Clin. Oncol. 2013, 31, 17–22. [CrossRef]

5. Aggarwal, C.; Thompson, J.C.; Black, T.A.; Katz, S.I.; Fan, R.; Yee, S.S.; Chien, A.L.; Evans, T.L.; Bauml, J.M.; Alley, E.W.; et al.
Clinical Implications of Plasma-Based Genotyping With the Delivery of Personalized Therapy in Metastatic Non-Small Cell Lung
Cancer. JAMA Oncol. 2019, 5, 173–180. [CrossRef]

6. Bonanno, L.; Pavan, A.; Ferro, A.; Calvetti, L.; Frega, S.; Pasello, G.; Aprile, G.; Guarneri, V.; Conte, P.; Rete Oncologica, V. Clinical
Impact of Plasma and Tissue Next-Generation Sequencing in Advanced Non-Small Cell Lung Cancer: A Real-World Experience.
Oncologist 2020, 25, e1996–e2005. [CrossRef]

7. Moorcraft, S.Y.; Gonzalez, D.; Walker, B.A. Understanding next generation sequencing in oncology: A guide for oncologists. Crit.
Rev. Oncol./Hematol. 2015, 96, 463–474. [CrossRef]

8. Zhang, P.; Lehmann, B.D.; Shyr, Y.; Guo, Y. The Utilization of Formalin Fixed-Paraffin-Embedded Specimens in High Throughput
Genomic Studies. Int. J. Genom. 2017, 2017, 1926304. [CrossRef] [PubMed]

9. Gárcia, J.; Dusserre, E.; Cheynet, V.; Bringuier, P.P.; Brengle-Pesce, K.; Wozny, A.-S.; Rodriguez-Lafrasse, C.; Freyer, G.; Brevet, M.;
Payen, L.; et al. Evaluation of pre-analytical conditions and comparison of the performance of several digital PCR assays for the
detection of major EGFR mutations in circulating DNA from non-small cell lung cancers: The CIRCAN_0 study. Oncotarget 2017,
8, 87980–87996. [CrossRef]

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

11. Diehl, F.; Schmidt, K.; Choti, M.A.; Romans, K.; Goodman, S.; Li, M.; Thornton, K.; Agrawal, N.; Sokoll, L.; Szabo, S.A.; et al.
Circulating mutant DNA to assess tumor dynamics. Nat. Med. 2008, 14, 985–990. [CrossRef] [PubMed]

12. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]
[PubMed]

13. Gerlinger, M.; Rowan, A.J.; Horswell, S.; Math, M.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.; Matthews, N.; Stewart,
A.; et al. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. N. Engl. J. Med. 2012, 366,
883–892. [CrossRef] [PubMed]

14. Lui, Y.Y.; Chik, K.-W.; Chiu, R.W.; Ho, C.-Y.; Lam, C.W.; Lo, Y.D. Predominant Hematopoietic Origin of Cell-free DNA in Plasma
and Serum after Sex-mismatched Bone Marrow Transplantation. Clin. Chem. 2002, 48, 421–427. [CrossRef] [PubMed]

15. Diehl, F.; Li, M.; Dressman, D.; He, Y.; Shen, D.; Szabo, S.; Diaz, L.A., Jr.; Goodman, S.N.; David, K.A.; Juhl, H.; et al. Detection and
quantification of mutations in the plasma of patients with colorectal tumors. Proc. Natl. Acad. Sci. USA 2005, 102, 16368–16373.
[CrossRef] [PubMed]

16. Newman, A.M.; Bratman, S.V.; To, J.; Wynne, J.F.; Eclov, N.C.W.; Modlin, L.A.; Liu, C.L.; Neal, J.W.; Wakelee, H.A.;
Merritt, R.E.; et al. An ultrasensitive method for quantitating circulating tumor DNA with broad patient coverage. Nat. Med.
2014, 20, 548–554. [CrossRef]

17. Hedtke, M.; Rejas, R.P.; Froelich, M.F.; Ast, V.; Duda, A.; Mirbach, L.; Costina, V.; Martens, U.M.; Hofheinz, R.D.;
Neumaier, M.; et al. Liquid profiling of circulating tumor DNA in colorectal cancer: Steps needed to achieve its full
clinical value as standard care. Mol. Oncol. 2021. [CrossRef]

18. Heitzer, E.; Ulz, P.; Geigl, J.B. Circulating Tumor DNA as a Liquid Biopsy for Cancer. Clin. Chem. 2015, 61, 112–123. [CrossRef]
19. Lui, Y.Y.; Dennis, Y.M. Circulating DNA in Plasma and Serum: Biology, Preanalytical Issues and Diagnostic Applications. Clin.

Chem. Lab. Med. 2002, 40, 962–968. [CrossRef]
20. Van Der Vaart, M.; Pretorius, P.J. Circulating DNA. Its origin and fluctuation. Ann. N. Y. Acad. Sci. 2008, 1137, 18–26. [CrossRef]
21. Underhill, H.R.; Kitzman, J.O.; Hellwig, S.; Welker, N.C.; Daza, R.; Baker, D.N.; Gligorich, K.M.; Rostomily, R.C.; Bronner, M.P.;

Shendure, J. Fragment Length of Circulating Tumor DNA. PLoS Genet. 2016, 12, e1006162. [CrossRef] [PubMed]
22. Siravegna, G.; Mussolin, B.; Buscarino, M.; Corti, G.; Cassingena, A.; Crisafulli, G.; Ponzetti, A.; Cremolini, C.; Amatu, A.;

Lauricella, C.; et al. Clonal evolution and resistance to EGFR blockade in the blood of colorectal cancer patients. Nat. Med. 2015,
21, 827. [CrossRef]

23. Tie, J.; Wang, Y.; Tomasetti, C.; Li, L.; Springer, S.; Kinde, I.; Silliman, N.; Tacey, M.; Wong, H.-L.; Christie, M.; et al. Circulating
tumor DNA analysis detects minimal residual disease and predicts recurrence in patients with stage II colon cancer. Sci. Transl.
Med. 2016, 8, 346ra92. [CrossRef] [PubMed]

http://doi.org/10.1158/2159-8290.CD-20-1311
http://www.ncbi.nlm.nih.gov/pubmed/33811121
http://doi.org/10.1200/PO.17.00011
http://www.ncbi.nlm.nih.gov/pubmed/28890946
http://doi.org/10.1002/gcc.22517
http://doi.org/10.1200/JCO.2012.43.1718
http://doi.org/10.1001/jamaoncol.2018.4305
http://doi.org/10.1634/theoncologist.2020-0148
http://doi.org/10.1016/j.critrevonc.2015.06.007
http://doi.org/10.1155/2017/1926304
http://www.ncbi.nlm.nih.gov/pubmed/28246590
http://doi.org/10.18632/oncotarget.21256
http://doi.org/10.1038/nrclinonc.2017.14
http://doi.org/10.1038/nm.1789
http://www.ncbi.nlm.nih.gov/pubmed/18670422
http://doi.org/10.1126/scitranslmed.3007094
http://www.ncbi.nlm.nih.gov/pubmed/24553385
http://doi.org/10.1056/NEJMoa1113205
http://www.ncbi.nlm.nih.gov/pubmed/22397650
http://doi.org/10.1093/clinchem/48.3.421
http://www.ncbi.nlm.nih.gov/pubmed/11861434
http://doi.org/10.1073/pnas.0507904102
http://www.ncbi.nlm.nih.gov/pubmed/16258065
http://doi.org/10.1038/nm.3519
http://doi.org/10.1002/1878-0261.13156
http://doi.org/10.1373/clinchem.2014.222679
http://doi.org/10.1515/CCLM.2002.169
http://doi.org/10.1196/annals.1448.022
http://doi.org/10.1371/journal.pgen.1006162
http://www.ncbi.nlm.nih.gov/pubmed/27428049
http://doi.org/10.1038/nm0715-827b
http://doi.org/10.1126/scitranslmed.aaf6219
http://www.ncbi.nlm.nih.gov/pubmed/27384348


Diagnostics 2022, 12, 748 12 of 15

24. Haselmann, V.; Gebhardt, C.; Brechtel, I.; Duda, A.; Czerwinski, C.; Sucker, A.; Holland-Letz, T.; Utikal, J.; Schadendorf, D.;
Neumaier, M. Liquid Profiling of Circulating Tumor DNA in Plasma of Melanoma Patients for Companion Diagnostics and
Monitoring of BRAF Inhibitor Therapy. Clin. Chem. 2018, 64, 830–842. [CrossRef] [PubMed]

25. Wang, Z.; Duan, J.; Cai, S.; Han, M.; Dong, H.; Zhao, J.; Zhu, B.; Wang, S.; Zhuo, M.; Sun, J.; et al. Assessment of Blood Tumor
Mutational Burden as a Potential Biomarker for Immunotherapy in Patients With Non-Small Cell Lung Cancer With Use of a
Next-Generation Sequencing Cancer Gene Panel. JAMA Oncol. 2019, 5, 696–702. [CrossRef] [PubMed]

26. Tzanikou, E.; Lianidou, E. The potential of ctDNA analysis in breast cancer. Crit. Rev. Clin. Lab. Sci. 2020, 57, 54–72. [CrossRef]
[PubMed]

27. Remon, J.; García-Campelo, R.; de Álava, E.; Vera, R.; Rodríguez-Peralto, J.L.; Rodríguez-Lescure, Á.; Bellosillo, B.; Garrido, P.;
Rojo, F.; Álvarez-Alegret, R. Liquid biopsy in oncology: A consensus statement of the Spanish Society of Pathology and the
Spanish Society of Medical Oncology. Clin. Transl. Oncol. 2020, 22, 823–834. [CrossRef]

28. Siravegna, G.; Mussolin, B.; Venesio, T.; Marsoni, S.; Seoane, J.; Dive, C.; Papadopoulos, N.; Kopetz, S.; Corcoran, R.B.;
Siu, L.L.; et al. How liquid biopsies can change clinical practice in oncology. Ann. Oncol. 2019, 30, 1580–1590. [CrossRef]

29. Thierry, A.R.; Mouliere, F.; El Messaoudi, S.; Mollevi, C.; Lopez-Crapez, E.; Rolet, F.; Gillet, B.; Gongora, C.; Dechelotte, P.;
Robert, B.; et al. Clinical validation of the detection of KRAS and BRAF mutations from circulating tumor DNA. Nat. Med. 2014,
20, 430–435. [CrossRef]

30. Malapelle, U.; De-Las-Casas, C.M.; Rocco, D.; Garzon, M.; Pisapia, P.; Jordana-Ariza, N.; Russo, M.; Sgariglia, R.; De Luca, C.;
Pepe, F.; et al. Development of a gene panel for next-generation sequencing of clinically relevant mutations in cell-free DNA from
cancer patients. Br. J. Cancer 2017, 116, 802–810. [CrossRef]

31. Qiu, M.; Wang, J.; Xu, Y.; Ding, X.; Li, M.; Jiang, F.; Xu, L.; Yin, R. Circulating Tumor DNA Is Effective for the Detection of
EGFR Mutation in Non-Small Cell Lung Cancer: A Meta-analysis. Cancer Epidemiol. Biomark. Prev. 2015, 24, 206–212. [CrossRef]
[PubMed]

32. Hao, Y.-X.; Fu, Q.; Guo, Y.-Y.; Ye, M.; Zhao, H.-X.; Wang, Q.; Peng, X.-M.; Li, Q.-W.; Wang, R.-L.; Xiao, W.-H. Effectiveness of
circulating tumor DNA for detection of KRAS gene mutations in colorectal cancer patients: A meta-analysis. OncoTargets Ther.
2017, 10, 945–953. [CrossRef] [PubMed]

33. Xie, W.; Xie, L.; Song, X. The diagnostic accuracy of circulating free DNA for the detection of KRAS mutation status in colorectal
cancer: A meta-analysis. Cancer Med. 2019, 8, 1218–1231. [CrossRef] [PubMed]

34. Luo, J.; Shen, L.; Zheng, D. Diagnostic value of circulating free DNA for the detection of EGFR mutation status in NSCLC: A
systematic review and meta-analysis. Sci. Rep. 2014, 4, srep06269. [CrossRef]

35. Tang, M.; Deng, Z.; Li, B.; Peng, Y.; Song, M.; Liu, J. Circulating Tumor DNA is Effective for Detection of KRAS Mutation in
Colorectal Cancer: A Meta-Analysis. Int. J. Biol. Markers 2017, 32, e421–e427. [CrossRef]

36. Vidal, J.; Muinelo, L.; Dalmases, A.; Jones, F.; Edelstein, D.; Iglesias, M.; Orrillo, M.; Abalo, A.; Rodríguez, C.; Brozos, E.; et al.
Plasma ctDNA RAS mutation analysis for the diagnosis and treatment monitoring of metastatic colorectal cancer patients. Ann.
Oncol. 2017, 28, 1325–1332. [CrossRef]

37. Montagut, C.; Tsui, D.W.; Diaz, L.A., Jr. Detection of somatic RAS mutations in circulating tumor DNA from metastatic colorectal
cancer patients: Are we ready for clinical use? Ann. Oncol. 2018, 29, 1083–1084. [CrossRef]

38. Jenkins, S.; Yang, J.C.-H.; Ramalingam, S.S.; Yu, K.; Patel, S.; Weston, S.; Hodge, R.; Cantarini, M.; Jänne, P.A.; Mitsudomi, T.; et al.
Plasma ctDNA Analysis for Detection of the EGFR T790M Mutation in Patients with Advanced Non-Small Cell Lung Cancer. J.
Thorac. Oncol. 2017, 12, 1061–1070. [CrossRef]

39. Madison, R.; Schrock, A.B.; Castellanos, E.; Gregg, J.P.; Snider, J.; Ali, S.M.; Miller, V.A.; Singal, G.; Alexander, B.M.; Venstrom,
J.M.; et al. Retrospective analysis of real-world data to determine clinical outcomes of patients with advanced non-small cell lung
cancer following cell-free circulating tumor DNA genomic profiling. Lung Cancer 2020, 148, 69–78. [CrossRef]

40. Misale, S.; Yaeger, R.; Hobor, S.; Scala, E.; Janakiraman, M.; Liska, D.; Valtorta, E.; Schiavo, R.; Buscarino, M.; Siravegna, G.; et al.
Emergence of KRAS mutations and acquired resistance to anti-EGFR therapy in colorectal cancer. Nature 2012, 486, 532–536.
[CrossRef]

41. Diaz, L.A., Jr.; Williams, R.T.; Wu, J.; Kinde, I.; Hecht, J.R.; Berlin, J.; Allen, B.; Bozic, I.; Reiter, J.G.; Nowak, M.A.; et al. The
molecular evolution of acquired resistance to targeted EGFR blockade in colorectal cancers. Nature 2012, 486, 537–540. [CrossRef]
[PubMed]

42. Remon, J.; Caramella, C.; Jovelet, C.; Lacroix, L.; Lawson, A.; Smalley, S.; Howarth, K.; Gale, D.; Green, E.; Plagnol, V.; et al.
Osimertinib benefit in EGFR-mutant NSCLC patients with T790M-mutation detected by circulating tumour DNA. Ann. Oncol.
2017, 28, 784–790. [CrossRef] [PubMed]

43. Romero, A.; Serna-Blasco, R.; Alfaro, C.; Sánchez-Herrero, E.; Barquín, M.; Turpin, M.C.; Chico, S.; Sanz-Moreno, S.; Rodrigez-
Festa, A.; Laza-Briviesca, R.; et al. ctDNA analysis reveals different molecular patterns upon disease progression in patients
treated with osimertinib. Transl. Lung Cancer Res. 2020, 9, 532–540. [CrossRef]

44. Sharma, G.G.; Mota, I.; Mologni, L.; Patrucco, E.; Gambacorti-Passerini, C.; Chiarle, R. Tumor Resistance against ALK Targeted
Therapy-Where It Comes From and Where It Goes. Cancers 2018, 10, 62. [CrossRef]

45. Shaw, A.T.; Solomon, B.J.; Besse, B.; Bauer, T.M.; Lin, C.-C.; Soo, R.A.; Riely, G.J.; Ou, S.-H.I.; Clancy, J.S.; Li, S.; et al. ALK
Resistance Mutations and Efficacy of Lorlatinib in Advanced Anaplastic Lymphoma Kinase-Positive Non-Small-Cell Lung Cancer.
J. Clin. Oncol. 2019, 37, 1370–1379. [CrossRef]

http://doi.org/10.1373/clinchem.2017.281543
http://www.ncbi.nlm.nih.gov/pubmed/29483107
http://doi.org/10.1001/jamaoncol.2018.7098
http://www.ncbi.nlm.nih.gov/pubmed/30816954
http://doi.org/10.1080/10408363.2019.1670615
http://www.ncbi.nlm.nih.gov/pubmed/31674269
http://doi.org/10.1007/s12094-019-02211-x
http://doi.org/10.1093/annonc/mdz227
http://doi.org/10.1038/nm.3511
http://doi.org/10.1038/bjc.2017.8
http://doi.org/10.1158/1055-9965.EPI-14-0895
http://www.ncbi.nlm.nih.gov/pubmed/25339418
http://doi.org/10.2147/OTT.S123954
http://www.ncbi.nlm.nih.gov/pubmed/28243130
http://doi.org/10.1002/cam4.1989
http://www.ncbi.nlm.nih.gov/pubmed/30791218
http://doi.org/10.1038/srep06269
http://doi.org/10.5301/ijbm.5000295
http://doi.org/10.1093/annonc/mdx125
http://doi.org/10.1093/annonc/mdy091
http://doi.org/10.1016/j.jtho.2017.04.003
http://doi.org/10.1016/j.lungcan.2020.07.033
http://doi.org/10.1038/nature11156
http://doi.org/10.1038/nature11219
http://www.ncbi.nlm.nih.gov/pubmed/22722843
http://doi.org/10.1093/annonc/mdx017
http://www.ncbi.nlm.nih.gov/pubmed/28104619
http://doi.org/10.21037/tlcr.2020.04.01
http://doi.org/10.3390/cancers10030062
http://doi.org/10.1200/JCO.18.02236


Diagnostics 2022, 12, 748 13 of 15

46. Chandarlapaty, S.; Chen, D.; He, W.; Sung, P.; Samoila, A.; You, D.; Bhatt, T.; Patel, P.; Voi, M.; Gnant, M.; et al. Prevalence of ESR1
Mutations in Cell-Free DNA and Outcomes in Metastatic Breast Cancer: A secondary analysis of the BOLERO-2 clinical trial.
JAMA Oncol. 2016, 2, 1310–1315. [CrossRef] [PubMed]

47. O’Leary, B.; Hrebien, S.; Morden, J.P.; Beaney, M.; Fribbens, C.; Huang, X.; Liu, Y.; Bartlett, C.H.; Koehler, M.; Cristofanilli, M.; et al.
Early circulating tumor DNA dynamics and clonal selection with palbociclib and fulvestrant for breast cancer. Nat. Commun.
2018, 9, 896. [CrossRef] [PubMed]

48. FDA. List of Cleared or Approved Companion Diagnostic Devices (In Vitro and Imaging Tools). Available online:
https://www.fda.gov/medical-devices/in-vitro-diagnostics/list-cleared-or-approved-companion-diagnostic-devices-in-
vitro-and-imaging-tools (accessed on 8 February 2022).

49. Pantel, K.; Alix-Panabières, C. Liquid biopsy and minimal residual disease—Latest advances and implications for cure. Nat. Rev.
Clin. Oncol. 2019, 16, 409–424. [CrossRef]

50. Song, Y.; Hu, C.; Xie, Z.; Wu, L.; Zhu, Z.; Rao, C.; Liu, L.; Chen, Y.; Liang, N.; Chen, J.; et al. Circulating tumor DNA clearance
predicts prognosis across treatment regimen in a large real-world longitudinally monitored advanced non-small cell lung cancer
cohort. Transl. Lung Cancer Res. 2020, 9, 269–279. [CrossRef]

51. Andersson, D.; Kristiansson, H.; Kubista, M.; Ståhlberg, A. Ultrasensitive circulating tumor DNA analysis enables precision
medicine: Experimental workflow considerations. Expert Rev. Mol. Diagn. 2021, 21, 299–310. [CrossRef]

52. Tie, J.; Cohen, J.D.; Wang, Y.; Christie, M.; Simons, K.; Lee, M.; Wong, R.; Kosmider, S.; Ananda, S.; McKendrick, J.; et al.
Circulating Tumor DNA Analyses as Markers of Recurrence Risk and Benefit of Adjuvant Therapy for Stage III Colon Cancer.
JAMA Oncol. 2019, 5, 1710–1717. [CrossRef] [PubMed]

53. Wang, Y.; Li, L.; Cohen, J.D.; Kinde, I.; Ptak, J.; Popoli, M.; Schaefer, J.; Silliman, N.; Dobbyn, L.; Tie, J.; et al. Prognostic Potential
of Circulating Tumor DNA Measurement in Postoperative Surveillance of Nonmetastatic Colorectal Cancer. JAMA Oncol. 2019, 5,
1118–1123. [CrossRef] [PubMed]

54. Reinert, T.; Henriksen, T.V.; Christensen, E.; Sharma, S.; Salari, R.; Sethi, H.; Knudsen, M.; Nordentoft, I.K.; Wu, H.-T.;
Tin, A.S.; et al. Analysis of Plasma Cell-Free DNA by Ultradeep Sequencing in Patients With Stages I to III Colorectal Can-
cer. JAMA Oncol. 2019, 5, 1124–1131. [CrossRef] [PubMed]

55. Parseghian, C.M.; Loree, J.M.; Morris, V.K.; Liu, X.; Clifton, K.K.; Napolitano, S.; Henry, J.T.; Pereira, A.A.; Vilar, E.;
Johnson, B.; et al. Anti-EGFR-resistant clones decay exponentially after progression: Implications for anti-EGFR re-challenge.
Ann. Oncol. 2019, 30, 243–249. [CrossRef] [PubMed]

56. Goldberg, S.B.; Narayan, A.; Kole, A.J.; Decker, R.H.; Teysir, J.; Carriero, N.J.; Lee, A.; Nemati, R.; Nath, S.K.; Mane, S.M.; et al.
Early Assessment of Lung Cancer Immunotherapy Response via Circulating Tumor DNA. Clin. Cancer Res. 2018, 24, 1872–1880.
[CrossRef]

57. Scherer, F.; Kurtz, D.M.; Newman, A.M.; Stehr, H.; Craig, A.F.M.; Esfahani, M.S.; Lovejoy, A.F.; Chabon, J.J.; Klass, D.M.;
Liu, C.L.; et al. Distinct biological subtypes and patterns of genome evolution in lymphoma revealed by circulating tumor DNA.
Sci. Transl. Med. 2016, 8, 364ra155. [CrossRef]

58. Reinert, T.; Schøler, L.V.; Thomsen, R.; Tobiasen, H.; Vang, S.; Nordentoft, I.; Lamy, P.; Kannerup, A.-S.; Mortensen, F.V.;
Stribolt, K.; et al. Analysis of circulating tumour DNA to monitor disease burden following colorectal cancer surgery. Gut 2016,
65, 625–634. [CrossRef]

59. Montagut, C.; Dalmases, A.; Bellosillo, B.; Crespo, M.; Pairet, S.; Iglesias, M.; Salido, M.; Gallen, M.; Marsters, S.; Tsai, S.P.; et al.
Identification of a mutation in the extracellular domain of the Epidermal Growth Factor Receptor conferring cetuximab resistance
in colorectal cancer. Nat. Med. 2012, 18, 221–223. [CrossRef]

60. Basnet, S.; Zhang, Z.-Y.; Liao, W.-Q.; Li, S.-H.; Li, P.-S.; Ge, H.-Y. The Prognostic Value of Circulating Cell-Free DNA in Colorectal
Cancer: A Meta-Analysis. J. Cancer 2016, 7, 1105–1113. [CrossRef]

61. Spindler, K.-L.G.; Boysen, A.K.; Pallisgård, N.; Johansen, J.S.; Tabernero, J.; Sørensen, M.M.; Jensen, B.V.; Hansen, T.F.; Sefrioui, D.;
Andersen, R.F.; et al. Cell-Free DNA in Metastatic Colorectal Cancer: A Systematic Review and Meta-Analysis. Oncologist 2017,
22, 1049–1055. [CrossRef]

62. Chen, G.; Peng, J.; Xiao, Q.; Wu, H.-X.; Wu, X.; Wang, F.; Li, L.; Ding, P.; Zhao, Q.; Li, Y.; et al. Postoperative circulating tumor
DNA as markers of recurrence risk in stages II to III colorectal cancer. J. Hematol. Oncol. 2021, 14, 80. [CrossRef] [PubMed]

63. Taniguchi, H.; Nakamura, Y.; Kotani, D.; Yukami, H.; Mishima, S.; Sawada, K.; Shirasu, H.; Ebi, H.; Yamanaka, T.; Aleshin, A.; et al.
CIRCULATE-Japan: Circulating tumor DNA-guided adaptive platform trials to refine adjuvant therapy for colorectal cancer.
Cancer Sci. 2021, 112, 2915–2920. [CrossRef]

64. Olsson, E.; Winter, C.; George, A.; Chen, Y.; Howlin, J.; Tang, M.-H.E.; Dahlgren, M.; Schulz, R.; Grabau, D.; van Westen, D.; et al.
Serial monitoring of circulating tumor DNA in patients with primary breast cancer for detection of occult metastatic disease.
EMBO Mol. Med. 2015, 7, 1034–1047. [CrossRef]

65. Abbosh, C.; Birkbak, N.J.; Wilson, G.A.; Jamal-Hanjani, M.; Constantin, T.; Salari, R.; Le Quesne, J.; Moore, D.A.; Veeriah, S.;
Rosenthal, R.; et al. Phylogenetic ctDNA analysis depicts early-stage lung cancer evolution. Nature 2017, 545, 446–451. [CrossRef]

66. Cohen, J.D.; Li, L.; Wang, Y.; Thoburn, C.; Afsari, B.; Danilova, L.; Douville, C.; Javed, A.A.; Wong, F.; Mattox, A.; et al. Detection
and localization of surgically resectable cancers with a multi-analyte blood test. Science 2018, 359, 926–930. [CrossRef]

http://doi.org/10.1001/jamaoncol.2016.1279
http://www.ncbi.nlm.nih.gov/pubmed/27532364
http://doi.org/10.1038/s41467-018-03215-x
http://www.ncbi.nlm.nih.gov/pubmed/29497091
https://www.fda.gov/medical-devices/in-vitro-diagnostics/list-cleared-or-approved-companion-diagnostic-devices-in-vitro-and-imaging-tools
https://www.fda.gov/medical-devices/in-vitro-diagnostics/list-cleared-or-approved-companion-diagnostic-devices-in-vitro-and-imaging-tools
http://doi.org/10.1038/s41571-019-0187-3
http://doi.org/10.21037/tlcr.2020.03.17
http://doi.org/10.1080/14737159.2021.1889371
http://doi.org/10.1001/jamaoncol.2019.3616
http://www.ncbi.nlm.nih.gov/pubmed/31621801
http://doi.org/10.1001/jamaoncol.2019.0512
http://www.ncbi.nlm.nih.gov/pubmed/31070668
http://doi.org/10.1001/jamaoncol.2019.0528
http://www.ncbi.nlm.nih.gov/pubmed/31070691
http://doi.org/10.1093/annonc/mdy509
http://www.ncbi.nlm.nih.gov/pubmed/30462160
http://doi.org/10.1158/1078-0432.CCR-17-1341
http://doi.org/10.1126/scitranslmed.aai8545
http://doi.org/10.1136/gutjnl-2014-308859
http://doi.org/10.1038/nm.2609
http://doi.org/10.7150/jca.14801
http://doi.org/10.1634/theoncologist.2016-0178
http://doi.org/10.1186/s13045-021-01089-z
http://www.ncbi.nlm.nih.gov/pubmed/34001194
http://doi.org/10.1111/cas.14926
http://doi.org/10.15252/emmm.201404913
http://doi.org/10.1038/nature22364
http://doi.org/10.1126/science.aar3247


Diagnostics 2022, 12, 748 14 of 15

67. Wang, Y.; Li, L.; Douville, C.; Cohen, J.D.; Yen, T.-T.; Kinde, I.; Sundfelt, K.; Kjær, S.K.; Hruban, R.H.; Shih, I.-M.; et al. Evaluation
of liquid from the Papanicolaou test and other liquid biopsies for the detection of endometrial and ovarian cancers. Sci. Transl.
Med. 2018, 10, eaap8793. [CrossRef] [PubMed]

68. Lamb, Y.N.; Dhillon, S. Epi proColon((R)) 2.0 CE: A Blood-Based Screening Test for Colorectal Cancer. Mol. Diagn. Ther. 2017, 21,
225–232. [CrossRef] [PubMed]

69. Soria-Comes, T.; Palomar-Abril, V.; Ureste, M.M.; Guerola, M.T.; Maiques, I.C.M. Real-World Data of the Correlation between
EGFR Determination by Liquid Biopsy in Non-squamous Non-small Cell Lung Cancer (NSCLC) and the EGFR Profile in Tumor
Biopsy. Pathol. Oncol. Res. POR 2020, 26, 845–851. [CrossRef]

70. Bronkhorst, A.J.; Aucamp, J.; Pretorius, P.J. Cell-free DNA: Preanalytical variables. Clin. Chim. Acta 2015, 450, 243–253. [CrossRef]
71. Meddeb, R.; Pisareva, E.; Thierry, A.R. Guidelines for the Preanalytical Conditions for Analyzing Circulating Cell-Free DNA. Clin.

Chem. 2019, 65, 623–633. [CrossRef]
72. Ijzerman, M.; de Boer, J.; Azad, A.; Degeling, K.; Geoghegan, J.; Hewitt, C.; Hollande, F.; Lee, B.; To, Y.H.; Tothill, R.W.; et al.

Towards Routine Implementation of Liquid Biopsies in Cancer Management: It Is Always Too Early, until Suddenly It Is Too Late.
Diagnostics 2021, 11, 103. [CrossRef]

73. Salk, J.J.; Loubet-Senear, K.; Maritschnegg, E.; Valentine, C.C.; Williams, L.N.; Higgins, J.E.; Horvat, R.; Vanderstichele, A.;
Nachmanson, D.; Baker, K.T.; et al. Ultra-Sensitive TP53 Sequencing for Cancer Detection Reveals Progressive Clonal Selection in
Normal Tissue over a Century of Human Lifespan. Cell Rep. 2019, 28, 132–144.e133. [CrossRef] [PubMed]

74. Alexandrov, L.B.; Jones, P.H.; Wedge, D.C.; Sale, J.E.; Campbell, P.J.; Nik-Zainal, S.; Stratton, M.R. Clock-like mutational processes
in human somatic cells. Nat. Genet. 2015, 47, 1402–1407. [CrossRef] [PubMed]

75. Genovese, G.; Kähler, A.K.; Handsaker, R.E.; Lindberg, J.; Rose, S.A.; Bakhoum, S.F.; Chambert, K.; Mick, E.; Neale, B.M.; Fromer,
M.; et al. Clonal Hematopoiesis and Blood-Cancer Risk Inferred from Blood DNA Sequence. N. Engl. J. Med. 2014, 371, 2477–2487.
[CrossRef] [PubMed]

76. Molecular In Vitro Diagnostic Examinations—Specifications for Pre-Examination Processes for Venous Whole Blood—Part 3:
Isolated Circulating Cell Free DNA from Plasma. CEN/TS 16835-3:2015.

77. Merker, J.D.; Oxnard, G.R.; Compton, C.; Diehn, M.; Hurley, P.; Lazar, A.J.; Lindeman, N.; Lockwood, C.M.; Rai, A.J.;
Schilsky, R.L.; et al. Circulating Tumor DNA Analysis in Patients With Cancer: American Society of Clinical Oncology and
College of American Pathologists Joint Review. J. Clin. Oncol. 2018, 36, 1631–1641. [CrossRef]

78. Lampignano, R.; Neumann, M.H.D.; Weber, S.; Kloten, V.; Herdean, A.; Voss, T.; Groelz, D.; Babayan, A.; Tibbesma, M.;
Schlumpberger, M.; et al. Multicenter Evaluation of Circulating Cell-Free DNA Extraction and Downstream Analyses for the
Development of Standardized (Pre)analytical Work Flows. Clin. Chem. 2020, 66, 149–160. [CrossRef]

79. Chan, K.C.; Yeung, S.-W.; Lui, W.-B.; Rainer, T.H.; Lo, Y.M. Effects of Preanalytical Factors on the Molecular Size of Cell-Free DNA
in Blood. Clin. Chem. 2005, 51, 781–784. [CrossRef]

80. Lam, N.Y.; Rainer, T.H.; Chiu, R.W.; Lo, Y.M. EDTA Is a Better Anticoagulant than Heparin or Citrate for Delayed Blood Processing
for Plasma DNA Analysis. Clin. Chem. 2004, 50, 256–257. [CrossRef]

81. Nikolaev, S.; Lemmens, L.; Koessler, T.; Blouin, J.-L.; Nouspikel, T. Circulating tumoral DNA: Preanalytical validation and quality
control in a diagnostic laboratory. Anal. Biochem. 2018, 542, 34–39. [CrossRef]

82. Risberg, B.; Tsui, D.W.Y.; Biggs, H.; Ruiz-Valdepenas Martin de Almagro, A.; Dawson, S.-J.; Hodgkin, C.; Jones, L.; Parkinson, C.;
Piskorz, A.; Marass, F.; et al. Effects of Collection and Processing Procedures on Plasma Circulating Cell-Free DNA from Cancer
Patients. J. Mol. Diagn. 2018, 20, 883–892. [CrossRef]

83. Kang, Q.; Henry, N.L.; Paoletti, C.; Jiang, H.; Vats, P.; Chinnaiyan, A.M.; Hayes, D.F.; Merajver, S.D.; Rae, J.M.; Tewari, M.
Comparative analysis of circulating tumor DNA stability In K3EDTA, Streck, and CellSave blood collection tubes. Clin. Biochem.
2016, 49, 1354–1360. [CrossRef] [PubMed]

84. Parpart-Li, S.; Bartlett, B.; Popoli, M.; Adleff, V.; Tucker, L.; Steinberg, R.; Georgiadis, A.; Phallen, J.; Brahmer, J.R.; Azad, N.; et al.
The Effect of Preservative and Temperature on the Analysis of Circulating Tumor DNA. Clin. Cancer Res. 2017, 23, 2471–2477.
[CrossRef] [PubMed]

85. Chiu, R.W.K.; Poon, L.L.; Lau, T.K.; Leung, T.N.; Wong, E.M.C.; Lo, Y.M.D. Effects of Blood-Processing Protocols on Fetal and
Total DNA Quantification in Maternal Plasma. Clin. Chem. 2001, 47, 1607–1613. [CrossRef] [PubMed]

86. Cavallone, L.; Aldamry, M.; LaFleur, J.; Lan, C.; Ginestet, P.G.; Alirezaie, N.; Ferrario, C.; Aguilar-Mahecha, A.; Basik, M. A Study
of Pre-Analytical Variables and Optimization of Extraction Method for Circulating Tumor DNA Measurements by Digital Droplet
PCR. Cancer Epidemiol. Biomark. Prev. 2019, 28, 909–916. [CrossRef] [PubMed]

87. Page, K.; Guttery, D.S.; Zahra, N.; Primrose, L.; Elshaw, S.R.; Pringle, J.H.; Blighe, K.; Marchese, S.D.; Hills, A.; Woodley, L.; et al.
Influence of Plasma Processing on Recovery and Analysis of Circulating Nucleic Acids. PLoS ONE 2013, 8, e77963. [CrossRef]
[PubMed]

88. Van Ginkel, J.H.; van den Broek, D.A.; Van Kuik, J.; Linders, D.; De Weger, R.; Willems, S.M.; Huibers, M.M.H. Preanalytical
blood sample workup for cell-free DNA analysis using Droplet Digital PCR for future molecular cancer diagnostics. Cancer Med.
2017, 6, 2297–2307. [CrossRef] [PubMed]

89. El Messaoudi, S.; Rolet, F.; Mouliere, F.; Thierry, A.R. Circulating cell free DNA: Preanalytical considerations. Clin. Chim. Acta
2013, 424, 222–230. [CrossRef]

http://doi.org/10.1126/scitranslmed.aap8793
http://www.ncbi.nlm.nih.gov/pubmed/29563323
http://doi.org/10.1007/s40291-017-0259-y
http://www.ncbi.nlm.nih.gov/pubmed/28155091
http://doi.org/10.1007/s12253-019-00628-x
http://doi.org/10.1016/j.cca.2015.08.028
http://doi.org/10.1373/clinchem.2018.298323
http://doi.org/10.3390/diagnostics11010103
http://doi.org/10.1016/j.celrep.2019.05.109
http://www.ncbi.nlm.nih.gov/pubmed/31269435
http://doi.org/10.1038/ng.3441
http://www.ncbi.nlm.nih.gov/pubmed/26551669
http://doi.org/10.1056/NEJMoa1409405
http://www.ncbi.nlm.nih.gov/pubmed/25426838
http://doi.org/10.1200/JCO.2017.76.8671
http://doi.org/10.1373/clinchem.2019.306837
http://doi.org/10.1373/clinchem.2004.046219
http://doi.org/10.1373/clinchem.2003.026013
http://doi.org/10.1016/j.ab.2017.11.004
http://doi.org/10.1016/j.jmoldx.2018.07.005
http://doi.org/10.1016/j.clinbiochem.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/27129799
http://doi.org/10.1158/1078-0432.CCR-16-1691
http://www.ncbi.nlm.nih.gov/pubmed/27827317
http://doi.org/10.1093/clinchem/47.9.1607
http://www.ncbi.nlm.nih.gov/pubmed/11514393
http://doi.org/10.1158/1055-9965.EPI-18-0586
http://www.ncbi.nlm.nih.gov/pubmed/30824523
http://doi.org/10.1371/journal.pone.0077963
http://www.ncbi.nlm.nih.gov/pubmed/24205045
http://doi.org/10.1002/cam4.1184
http://www.ncbi.nlm.nih.gov/pubmed/28940814
http://doi.org/10.1016/j.cca.2013.05.022


Diagnostics 2022, 12, 748 15 of 15

90. Devonshire, A.S.; Whale, A.S.; Gutteridge, A.; Jones, G.; Cowen, S.; Foy, C.A.; Huggett, J.F. Towards standardisation of cell-free
DNA measurement in plasma: Controls for extraction efficiency, fragment size bias and quantification. Anal. Bioanal. Chem. 2014,
406, 6499–6512. [CrossRef]

91. Diefenbach, R.J.; Lee, J.H.; Kefford, R.F.; Rizos, H. Evaluation of commercial kits for purification of circulating free DNA. Cancer
Genet. 2018, 228-229, 21–27. [CrossRef]

92. Van Der Leest, P.; Schuuring, E. The potential of combined mutation sequencing of plasma circulating cell-free DNA and matched
white blood cells for treatment response prediction. Mol. Oncol. 2020, 14, 487–489. [CrossRef]

93. Xue, X.; Teare, M.D.; Holen, I.; Zhu, Y.M.; Woll, P.J. Optimizing the yield and utility of circulating cell-free DNA from plasma and
serum. Clin. Chim. Acta 2009, 404, 100–104. [CrossRef] [PubMed]

94. Sorber, L.; Zwaenepoel, K.; Deschoolmeester, V.; Roeyen, G.; Lardon, F.; Rolfo, C.; Pauwels, P. A Comparison of Cell-Free DNA
Isolation Kits: Isolation and Quantification of Cell-Free DNA in Plasma. J. Mol. Diagn. 2017, 19, 162–168. [CrossRef] [PubMed]

95. Haselmann, V.; Ahmad-Nejad, P.; Geilenkeuser, W.J.; Duda, A.; Gabor, M.; Eichner, R.; Patton, S.; Neumaier, M. Results of the first
external quality assessment scheme (EQA) for isolation and analysis of circulating tumour DNA (ctDNA). Clin. Chem. Lab. Med.
2018, 56, 220–228. [CrossRef] [PubMed]

96. Bartels, S.; Persing, S.; Hasemeier, B.; Schipper, E.; Kreipe, H.; Lehmann, U. Molecular Analysis of Circulating Cell-Free DNA
from Lung Cancer Patients in Routine Laboratory Practice: A Cross-Platform Comparison of Three Different Molecular Methods
for Mutation Detection. J. Mol. Diagn. 2017, 19, 722–732. [CrossRef]

97. Newman, A.M.; Lovejoy, A.F.; Klass, D.M.; Kurtz, D.M.; Chabon, J.J.; Scherer, F.; Stehr, H.; Liu, C.L.; Bratman, S.V.; Say, C.; et al.
Integrated digital error suppression for improved detection of circulating tumor DNA. Nat. Biotechnol. 2016, 34, 547–555.
[CrossRef]

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

99. Gandara, D.R.; Paul, S.M.; Kowanetz, M.; Schleifman, E.; Zou, W.; Li, Y.; Rittmeyer, A.; Fehrenbacher, L.; Otto, G.;
Malboeuf, C.; et al. Blood-based tumor mutational burden as a predictor of clinical benefit in non-small-cell lung cancer patients
treated with atezolizumab. Nat. Med. 2018, 24, 1441–1448. [CrossRef]

100. Haselmann, V.; Geilenkeuser, W.J.; Helfert, S.; Eichner, R.; Hetjens, S.; Neumaier, M.; Ahmad-Nejad, P. Thirteen Years of an
International External Quality Assessment Scheme for Genotyping: Results and Recommendations. Clin. Chem. 2016, 62,
1084–1095. [CrossRef]

101. Weber, S.; Spiegl, B.; Perakis, S.O.; Ulz, C.M.; Abuja, P.M.; Kashofer, K.; Van Der Leest, P.; Azpurua, M.A.; Tamminga, M.;
Brudzewsky, D.; et al. Technical Evaluation of Commercial Mutation Analysis Platforms and Reference Materials for Liquid
Biopsy Profiling. Cancers 2020, 12, 1588. [CrossRef]

102. Pös, Z.; Pös, O.; Styk, J.; Mocova, A.; Strieskova, L.; Budis, J.; Kadasi, L.; Radvanszky, J.; Szemes, T. Technical and Methodological
Aspects of Cell-Free Nucleic Acids Analyzes. Int. J. Mol. Sci. 2020, 21, 8634. [CrossRef]

103. Godsey, J.H.; Silvestro, A.; Barrett, J.C.; Bramlett, K.; Chudova, D.; Deras, I.; Dickey, J.; Hicks, J.; Johann, D.J.; Leary, R.; et al.
Generic Protocols for the Analytical Validation of Next-Generation Sequencing-Based ctDNA Assays: A Joint Consensus
Recommendation of the BloodPAC’s Analytical Variables Working Group. Clin. Chem. 2020, 66, 1156–1166. [CrossRef] [PubMed]

104. Sun, J.X.; He, Y.; Sanford, E.; Montesion, M.; Frampton, G.M.; Vignot, S.; Soria, J.-C.; Ross, J.S.; Miller, V.A.; Stephens, P.J.; et al.
A computational approach to distinguish somatic vs. germline origin of genomic alterations from deep sequencing of cancer
specimens without a matched normal. PLoS Comput. Biol. 2018, 14, e1005965. [CrossRef] [PubMed]

105. Dasari, A.; Morris, V.K.; Allegra, C.J.; Atreya, C.; Benson, A.B., 3rd; Boland, P.; Chung, K.; Copur, M.S.; Corcoran, R.B.;
Deming, D.A.; et al. ctDNA applications and integration in colorectal cancer: An NCI Colon and Rectal–Anal Task Forces
whitepaper. Nat. Rev. Clin. Oncol. 2020, 17, 757–770. [CrossRef]

106. Miller, W.G.; Jones, G.R.; Horowitz, G.L.; Weykamp, C. Proficiency Testing/External Quality Assessment: Current Challenges
and Future Directions. Clin. Chem. 2011, 57, 1670–1680. [CrossRef]

107. Goossens, N.; Nakagawa, S.; Sun, X.; Hoshida, Y. Cancer biomarker discovery and validation. Transl. Cancer Res. 2015, 4, 256–269.
[PubMed]

108. Streubel, A.; Stenzinger, A.; Stephan-Falkenau, S.; Kollmeier, J.; Misch, D.; Blum, T.G.; Bauer, T.; Landt, O.; Ende, A.A.;
Schirmacher, P.; et al. Comparison of different semi-automated cfDNA extraction methods in combination with UMI-based
targeted sequencing. Oncotarget 2019, 10, 5690–5702. [CrossRef] [PubMed]

109. Markus, H.; Contente-Cuomo, T.; Farooq, M.; Liang, W.S.; Borad, M.J.; Sivakumar, S.; Gollins, S.; Tran, N.L.; Dhruv, H.D.;
Berens, M.E.; et al. Evaluation of pre-analytical factors affecting plasma DNA analysis. Sci. Rep. 2018, 8, 7375. [CrossRef]

110. Bernabé, R.; Hickson, N.; Wallace, A.; Blackhall, F.H. What do we need to make circulating tumour DNA (ctDNA) a routine
diagnostic test in lung cancer? Eur. J. Cancer 2017, 81, 66–73. [CrossRef]

111. Douglas, M.P.; Gray, S.W.; Phillips, K.A. Private Payer and Medicare Coverage for Circulating Tumor DNA Testing: A Historical
Analysis of Coverage Policies From 2015 to 2019. J. Natl. Compr. Cancer Netw. 2020, 18, 866–872. [CrossRef]

http://doi.org/10.1007/s00216-014-7835-3
http://doi.org/10.1016/j.cancergen.2018.08.005
http://doi.org/10.1002/1878-0261.12646
http://doi.org/10.1016/j.cca.2009.02.018
http://www.ncbi.nlm.nih.gov/pubmed/19281804
http://doi.org/10.1016/j.jmoldx.2016.09.009
http://www.ncbi.nlm.nih.gov/pubmed/27865784
http://doi.org/10.1515/cclm-2017-0283
http://www.ncbi.nlm.nih.gov/pubmed/28841569
http://doi.org/10.1016/j.jmoldx.2017.05.008
http://doi.org/10.1038/nbt.3520
http://doi.org/10.1073/pnas.1105422108
http://doi.org/10.1038/s41591-018-0134-3
http://doi.org/10.1373/clinchem.2016.254482
http://doi.org/10.3390/cancers12061588
http://doi.org/10.3390/ijms21228634
http://doi.org/10.1093/clinchem/hvaa164
http://www.ncbi.nlm.nih.gov/pubmed/32870995
http://doi.org/10.1371/journal.pcbi.1005965
http://www.ncbi.nlm.nih.gov/pubmed/29415044
http://doi.org/10.1038/s41571-020-0392-0
http://doi.org/10.1373/clinchem.2011.168641
http://www.ncbi.nlm.nih.gov/pubmed/26213686
http://doi.org/10.18632/oncotarget.27183
http://www.ncbi.nlm.nih.gov/pubmed/31620244
http://doi.org/10.1038/s41598-018-25810-0
http://doi.org/10.1016/j.ejca.2017.04.022
http://doi.org/10.6004/jnccn.2020.7542

	Introduction 
	Clinical Application 
	Companion Diagnostics and Detection of Resistance Mechanisms 
	Treatment Monitoring 
	Minimal Residual Disease and Assessment of Prognosis 
	Early Detection/Screening 

	Current Status of and Challenges for Clinical Implementation 
	Technical Challenges 
	Interpretation of Results and Reporting 
	Quality Control 
	Clinical Acceptance 
	Reimbursement 

	Conclusions 
	References

