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Abstract: Liquid biopsy tests have become an integral part of the molecular diagnosis of patients with
non-small cell lung cancer (NSCLC). We describe a new test panel that uses very low input (20 ng) of
cell-free nucleic acids extracted from human plasma, which is designed to yield results in less than
72 h. In this study, we performed novel amplicon-based targeted next-generation sequencing with a
semiconductor-based system, the Ion GeneStudio S5 Prime. The analytic performance of the assay
was evaluated using contrived and retrospectively collected clinical specimens. The cumulative
percent coefficient of variation for the new test process was very precise at 8.4% for inter-day, 4.0%
for inter-operator and 3.4% for inter-instrument. We also observed significant agreement (95.7–100%)
with an orthogonal, high-sensitivity droplet digital™ Polymerase Chain Reaction (ddPCR) test. This
method offers a valuable supplement to assessing targeted mutations from blood while conserving
specimens and maintaining sensitivity, with rapid turn-around times to actionable results.
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1. Introduction
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The successful implementation of precision medicine for the treatment of non-small
cell lung cancer (NSCLC) relies on well-characterized molecular features of the patients’
tumor. Genotyping of tissue obtained from NSCLC tumors provides actionable information
in many cases [1]. However, tumor tissue is not always accessible for molecular testing
and, when available, can miss important information because a tissue biopsy does not
represent the entirety of the tumor, but rather is a sample of a heterogeneous malignancy [1].
Moreover, as the tumor evolves naturally or from challenge by therapy, the molecular
landscape changes, sometimes dramatically, requiring additional molecular testing that is
temporally associated with the disease state [2].
Blood-based assays have become increasingly accepted as a supplement to tissuebased testing approaches and may address the inaccessibility of lesions to biopsy, limited
tissue quantity, and the invasiveness associated with tissue collection procedures [3,4].
For these reasons, liquid biopsy for profiling tumor-originating nucleic acids has become
important in the diagnostic workup for cancer patients, particularly in NSCLC.
Regulatory agencies and physician-led associations have provided guidance for the
use of liquid biopsy in clinical practice for directing targeted therapy selection [5,6]. The
guidance was initially limited to diagnosis when tissue was not available, but liquid biopsy
is now considered a complimentary method to tissue. If the plasma is negative, a tissue
biopsy is recommended when possible [7]. This approach leverages the benefits of liquid
biopsy while still minimizing the risk of missing actionable variants in those individuals
not shedding tumor-derived DNA into their bloodstreams. Sensitivity of liquid biopsy
applications when compared to matched tissue are between 70% and 85% in late-stage
disease and decline in earlier stage [7–9]. Additional complications between tissue and
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blood test concordance may arise due to allelic imbalance between regions of the tumor
shedding into the bloodstream relative to regions isolated and therefore underrepresented
or absent in the blood [9]. Conversely, studies that have compared mutation profiles from
tissue obtained at different metastatic sites of the same patient have demonstrated the
occurrence of intra-tumoral heterogeneity. Thus, a single tumor biopsy collected from a
single location at a single point in time similarly introduces sensitivity concerns and may
not represent the tumor mutation profile of that found in circulation [10]. In line with
these findings and the increasing use of liquid biopsy within standard clinical practice,
diagnostic and therapy developers are including liquid biopsy in clinical studies for patient
selection, monitoring of drug response, detection of minimal residual disease (MRD) and
for the identification of molecular mechanisms resulting in resistance to therapies [11].
Multiple technologies are used in clinical laboratories for detecting rare variants in
cell-free nucleic acid (cfNA) from blood. These technologies are designed to detect targets
at low concentration in the circulation, typically less than 1% allele frequency, and have
correspondingly low error rates to prevent false positives. Liquid biopsy-based testing
includes both Food and Drug Administration (FDA)-approved and Laboratory Developed
Tests (LDTs) and utilizes technologies such as digital Polymerase Chain Reaction (dPCR),
amplification refractory mutation system (ARMS), allele-specific PCR (AS-PCR) and nextgeneration sequencing (NGS) [12]. The selection of a technology is usually driven by
the clinical question and intended use. In a setting where there are limited variants of
interest, for example when looking at a small number of actionable targets associated
with approved treatment, approaches that use targeted PCR methods can have benefits
including high sensitivity, short turn-around times and lower cost. In contrast, broadprofiling of the cell-free compartment in blood can be obtained with NGS and may support
a more comprehensive understanding of the molecular profile of the tumor. The benefit of
this broader approach is evident in its extensive adoption for use in clinical research that
looks for new drug targets, as well as for clinical trial enrollment [13].
We have deployed a NGS platform for use in clinical trial testing and in new assay
development and have previously reported on these efforts [14,15]. This report focuses on
performance verification and implementation of a liquid biopsy application in our College
of American Pathologists/Clinical Laboratory Improvement Amendments (CAP/CLIA)
certified clinical testing laboratory. To eliminate logistic barriers associated with coldchain specimen management and to broaden access, we have verified the use of an FDAapproved nucleic acid stabilization tube (Streck cell-free DNA Blood Collection Tube® )
for specimen collection, which allows for the ambient shipment of whole-blood to the
centralized laboratory [16–18]. Once the specimens arrive at the clinical laboratory, total
nucleic acids are isolated from the blood plasma using previously published methods [19].
Reverse transcription is performed using the total nucleic acid eluates without separating
cell-free DNA (cfDNA) from cell-free (cfRNA). This provides several advantages including
maximizing sample usage and simplifying the workflow. Amplicon-based targeted NGS is
performed using the Ion GeneStudio™ S5 Prime, a semiconductor-based system and an
Oncomine™ Pan-Cancer Cell-Free Assay [20,21]. Amplicon-based enrichment approaches
are well-suited for small, targeted panels, and benefit from lower input requirements and
simplified workflows [20,22]. By contrast, large panels and whole-exome sequencing assays
may benefit from superior coverage and uniformity that hybridization capture methods
may provide [23,24]. The sequencing data is processed and analyzed using the on-board
S5 Prime informatics pipeline, as provided by Thermo Fisher Scientific, Inc. The Test
Result Report (TRR) is generated using variant information extracted from the sequencing
analysis software.
Although this manuscript focuses on the performance verification of variants relevant
to NSCLC, the targeted NGS panel can detect alterations in 52 genes and includes the
identification of substitutions (including single nucleotide variants (SNV) and multiple
nucleotide variants (MNV)), insertions, deletions, copy number variations (CNV) and gene
fusions/skipping. We describe analytic sensitivity and specificity, within lab precision,
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and accuracy using retrospectively banked clinical specimens. All reference specimens
were associated with previous variant results generated using a validated and New York
State Clinical Laboratory Evaluation Program (NYS-CLEP) approved liquid biopsy test
that utilizes droplet digital™ PCR (ddPCR) [19].
2. Materials and Methods
2.1. Clinical Specimens
Clinical specimen use is considered exempt research under 45 CFR 46.104(d)(4), which
is the relevant exemptions section to the Common Rule (45 CFR Section 46).
De-identified remnant clinical specimens were selected based on their mutation status as determined by the GeneStrat® Mutation Test (Biodesix, Inc., Boulder, CO, USA),
a targeted genotyping approach based on ddPCR™ and previously described [19]. These
specimens were evaluated with targeted assays for Epidermal Growth Factor Receptor
(EGFR) L858R, EGFR T790M, EGFR exon 19 deletions (EGFR Del19), GTPase Kirsten ras
gene (KRAS) G12X and/or B-Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF) V600E
variants from cfDNA. When dilutions were required to target specific allele frequencies,
contrived clinical specimens were generated by diluting positive specimens using negative
NSCLC specimens collected and stored in an equivalent manner.
2.2. Specimen Collection, Nucleic Acid Extraction and Reverse Transcription
Whole blood was collected into Cell-Free DNA Blood Collection Tube® (Streck,
La Vista, NE, USA) and shipped to the laboratory at ambient temperature [16–18]. Plasma
was prepared from whole blood within 48 h of collection as described previously [19].
Extraction was performed using the QIAamp Circulating Nucleic Acid Kit (Qiagen, Hilden,
Germany) using up to 5 mL of plasma and eluted in a final volume of 100 µL. Following
extraction, total nucleic acid (TNA) was concentrated using the RNA Clean-up and Concentration Micro Elute kit (Norgen, Thorold, Ontario, Canada) and eluted in 25 µL and
quantified using the Qubit dsDNA High-Sensitivity Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Twenty ng was reverse-transcribed using SuperScript VILO (Thermo
Fisher Scientific) with parameters as follows: 42 ◦ C for 30 min, 85 ◦ C for 5 min, 10 ◦ C hold.
2.3. Library Preparation, Quantification and Pooling
Library preparation was performed on the reverse transcription reaction using the
Oncomine Pan-Cancer Cell-Free Assay (Thermo Fisher Scientific) according to the manufacturer’s instructions. Library quantification was performed using the Ion Library TaqMan
Quantitation Kit (Thermo Fisher Scientific) on the LightCycler 96 (Roche Diagnostics, Indianapolis, IN, USA). Libraries were diluted to a final concentration of 50 pM, and eight
libraries were pooled at equimolar concentration for chip templating.
2.4. Templating and Sequencing
Ion 550™ Chips were templated on the Ion Chef™ instrument (Thermo Fisher Scientific) and sequenced on the Ion GeneStudio™ S5 Prime (Thermo Fisher Scientific) using the
Ion 550 Kit-Chef (Thermo Fisher Scientific). Sequencing data was analyzed using Torrent
Suite Software version 5.12 and Ion Reporter™ version 5.10 (Thermo Fisher Scientific).
Variant calling was performed using the Oncomine™ TagSeq Pan-Cancer Liquid Biopsy
w2.1—Single Sample workflow within Ion Reporter.
2.5. Quality Control (QC) Metrics
Sample level QC thresholds were applied as follows: ≥10 million total mapped reads,
≥95% coverage uniformity, ≥80% molecular-based uniformity, ≥80 bp mean read length
and a library concentration of ≥50 pM. Specimens that did not meet these criteria were not
included in the analysis.
A contrived analytic positive control was generated and used to monitor each batch
for quality assurance. The analytic positive control is a mixture of fragmented genomic
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DNA and synthesized gene segments (gBlocks; Integrated DNA Technologies, Coralville,
IA, USA) representing EGFR L858R, EGFR T790M, EGFR ∆E746-A750, KRAS G12C and
BRAF V600E, designed to mimic cfDNA prepared as described previously [19]. This control
was admixed with pooled plasma and processed alongside each batch of clinical specimens,
beginning at the extraction step and brought through the entirety of the workflow. Only
those batches that contained an analytic positive control testing positive for all EGFR,
KRAS, and BRAF variants were considered passing.
3. Results
The limit of detection study was designed to evaluate performance of the assay at
and near the pre-defined cutoff of 0.5% minor allele frequency (MAF). Clinical specimens
harboring positive mutations in EGFR, KRAS or BRAF based on the GeneStrat® Mutation
Test reference were diluted in negative specimens to generate contrived clinical samples
with mean MAFs ranging from 0.6% to 4.2% (Figure 1).

Figure 1. Limit of Detection. The average percent minor allele frequency (%MAF) detected for 5 DNA
variants is shown. Error bars indicate ± standard error from the mean for 23 (EGFR Del19) or 24
(EGFR L858R, EGFR T790M, KRAS G12R, BRAF V600E) observations per variant.

In total, 120 tests were performed (24 replicates each per five variants), 119 of which
met QC metrics and were eligible for analysis. The analytic sensitivity, defined as the
percentage of times that a variant was detected above the cutoff when expected, was
100% for all variants, including the specimens that contained KRAS at a MAF of 0.6%
(Table 1). The percent coefficient of variation (%CV) ranged between 14.4% and 18.7%
across the replicates for each variant. The Oncomine™ Pan-Cancer Cell-free NGS assay is
designed to detect 982 hotspots in comparison to the targeted approach for the reference
ddPCR test which interrogates specific EGFR, KRAS and BRAF mutations. In addition
to measuring the reference variant(s), we observed additional mutations within the five
contrived clinical specimens (Supplementary Table S1). For example, specimen 1 had
24 positive calls for EGFR L858R (the expected variant based on the reference result) as
well as 24 replicates that contained the EGFR L833V and KRAS G13D mutations above the
0.5% MAF cutoff. This highlights the benefit of NGS technology when broader coverage of
the genome is of interest.
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Table 1. Analytic sensitivity near assay cutoff.
Variant

Expected

Detected

Hit Rate

EGFR L858R
EGFR T790M
EGFR E746-A750
BRAF V600E
KRAS G12R

24
24
23
24
24

24
24
23
24
24

100%
100%
100%
100%
100%

Sixty clinical specimens were tested to determine the accuracy of the assay. All
specimens contained adequate amounts of cfNA to input 20 ng. Of the 60, 7 were removed
from the final analysis due to quality control failures. Within the remaining 53 specimens,
6 samples were positive for 2 reference variants each, for a total of 41 positive reference
results (8 EGFR Del19, 7 EGFR L858R, 6 EGFR T790M, 6 BRAF V600E and 14 KRAS G12C).
Each of the 53 specimens was also evaluated by ddPCR for some or all of the targets for a
total of 210 negative reference results (52 EGFR Del19, 52 EGFR L858R, 52 EGFR T790M,
41 BRAF V600E and 33 KRAS G12C). Overall, a total of 251 reference results were used to
determine label-level assay agreement (Table 2).
Table 2. Clinical accuracy results.
Variant
EGFR
Del19
EGFR
L858R
EGFR
T790M
BRAF
V600E
KRAS
G12C
1

TP 1

TN 2

FP 3

FN 4

Total

Accuracy

Sensitivity

Specificity

8

45

0

0

53

100.0%

100.0%

100.0%

7

45

0

0

52

100.0%

100.0%

100.0%

6

46

0

0

52

100.0%

100.0%

100.0%

4

41

0

2

47

95.7%

66.7%

100.0%

14

33

0

0

47

100.0%

100.0%

100.0%

TP: True Positive, 2 TN: True Negative, 3 FP: False Positive, 4 FN: False Negative.

Based on the results for the 251 tests, accuracy, sensitivity and specificity at the variant
level were determined (Table 2). True positives are defined as the variants that tested
positive by both ddPCR and NGS, and true negatives as variants that tested negative by
both ddPCR and NGS. False positives are defined as variants that tested positive by NGS
and negative by the reference ddPCR test, and false negatives are variants detected by
ddPCR but not NGS.
Sensitivity, specificity and accuracy were 100% for all variants, except for BRAF V600E,
which was 66.7% sensitive and 95.7% accurate. For the two tests that resulted in a negative
call, the BRAF V600E variant was detected, but did not reach the cutoff. These two BRAF
V600E discordances had 1.4% and 0.6% MAF via ddPCR and while they were in fact
detected by NGS, the %MAF for both fell below the cutoff of 0.5% MAF at 0.42% and 0.38%,
respectively (Supplementary Table S2). Concordance was also assessed for allele fraction,
which was determined by plotting the %MAF as measured by the reference ddPCR test
to that measured by NGS for each positive reference. A linear regression analysis was
performed for each individual variant, as well as for all variants (Figure 2). The coefficient
of determination (R2 ) for the regression analysis ranged from 0.9885 to 0.9958 for individual
variants and was 0.9923 for the entire dataset, indicating that there is high concordance
between the two technologies.
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Figure 2. Concordance between Next Generation Sequencing (NGS) and droplet digital Polymerase
Chain Reaction (ddPCR) reference test. Black data points represent the percent minor allele detected
via NGS (y-axis) and the reference ddPCR MAF result (x-axis) for: (a) EGFR del19, (b) EGFR L858R,
(c) EGFR T790M, (d) BRAF V600E, (e) KRAS G12C and (f) all variants combined. Dotted line: linear
regression; R2 : coefficient of determination.

Assay precision was assessed by testing contrived specimens over multiple days using
two operators and two instruments. Contrived specimens were generated so that each
variant was tested at two allele frequencies and in duplicate runs: 240 unique tests were
performed, 203 were included in the analysis, while 37 were removed due to QC failures.
Overall, allele frequencies were consistent over nine days of testing with no significant
differences between observed testing conditions (inter-operator p = 0.78; inter-instrument
p = 0.99). To visualize the variability between operators at the variant level on each day of
testing, the average %MAF for the 2 replicate tests performed by each operator was plotted
(Figure 3). CV was also calculated between variables. For example, for inter-day, the %CV
was calculated for each variant based on 9 data points. Each data point was the average
for all MAF values for a particular variant for that day (n = 4). The cumulative %CV was
calculated by averaging all %CVs, and was 8.4% for inter-day, 4.0% for inter-operator and
3.4% for inter-instrument.
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Figure 3. Performance comparison for operators and instruments. (a) All data generated by each operator, regardless of day
or instrument, was averaged for each variant level (p = 0.78). (b) All data generated using each instrument, regardless of
operator or day, was averaged for each variant level (p = 0.99). Error bars indicate ± standard error of the mean. p-value
calculated using student’s t-test.

4. Discussion
Historically, the practice of evaluating genetic biomarkers in patients with solid tumor
required an invasive tissue biopsy. However, liquid biopsy provides physicians with a
complimentary approach that benefits from a minimally invasive blood-draw [1]. Our goal
was to verify the performance of the cell-free NGS panel for use in a regulated clinical
laboratory. The described studies were performed with approved standard operating procedures, qualified instruments and reagents and competent personnel, in accordance with
good laboratory practices. Although the assay can pick up variants at frequencies as low
as 0.1% when using an input of 20 ng, in this report, we took a more conservative approach
to validation using the 0.5% allele frequency cutoff for SNV and indels to differentiate
positive from negative results.
Three studies are described including limit of detection, accuracy and precision. Clinical specimens were selected at and near the assay cutoff for limit of detection evaluation.
Of variants, 100%, including the specimens that contained KRAS at an MAF of 0.6%,
were detected in all replicates. The coefficient of variation was below 20% for all positive
variants, ranging between 14.4% and 18.7%, even at the low MAF values, demonstrating
consistency of the NGS assay at the lower boundary. A within-lab precision study further
evaluated variability between replicate runs of the same specimens, specifically assessing
the differences in operators, instruments and between days of testing. A comparison of
the allele frequencies of the positive mutations confirmed no significance between results
generated on different instruments or with different operators. Additionally, the CV was
less than 10% in each case (inter-day of 8.4%, inter-operator of 4.0% and inter-instrument
of 3.4%).
Furthermore, results were consistent between the NGS assay when compared to
the orthogonal NYS-CLEP-approved ddPCR workflow when evaluated using 53 clinical
specimens. When directly comparing the allele frequencies, we observed a strong linear
correlation between NGS and ddPCR methods. Mutations were also compared in a
pairwise analysis based on their positive or negative result by each test method. We found
100% negative agreement demonstrating a high level of assay specificity. Likewise, all three
EGFR variants and KRAS demonstrated 100% positive agreement. BRAF V600E might be
considered the underperformer, whereby we detected 66.7% (4/6) of the specimens with a
positive BRAF V600E reference ddPCR result using the NGS assay. Although this may be
due to specific inefficiencies in the amplicon design or bioinformatics pipeline, it is also
likely due to the differences observed at low %MAF more generally. Of note, the two false
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negative clinical specimens had 1.4% and 0.6% MAF via ddPCR, and while negative by
NGS, these two samples did have detectable BRAF V600E molecular reads.
Our results align well with available liquid biopsy NGS tests for use in molecular
diagnosis and monitoring. According to a recent cross-test study that evaluated four
on-market liquid biopsy NGS tests, false negatives were observed at or below 1% variant
frequencies [18]. Our results were similar, whereby both assays picked up some BRAF
V600E signal, but for NGS, the allele frequencies were below the cut-off of the assay. The
differences in these tests when specimens have very low level of circulating tumor nucleic
acid can be due to stochastic sample biases, assay design, thresholding nuances or might
be a combination of the former [19].
In addition to identifying those actionable variants for which we had ddPCR orthogonal reference results and that were used for evaluation of NGS test performance, we
also identified nonsynonymous variants of unknown significance (VUS) in our clinical
samples. VUS are common both in EGFR and many other regions of the genome. For
example, we found cooccurrence of EGFR L833V and KRAS G13D mutations along with
EGFR L858R (Supplementary Table S1) in one of the specimens evaluated. While neither of
the former variants are currently approved biomarkers in NSCLC, functional evaluation of
co-occurring VUS within EGFR may alter response to target tyrosine kinase inhibition [20].
This result highlights a benefit of NGS technology when broader coverage of the genome is
of interest for clinical research. However, VUS must be carefully evaluated. In many cases,
these mutations can be attributed to DNA shed from normal cells, including germline variants or noncancerous somatic variants that evolve from the process of clonal hematopoiesis.
Altogether, our results align with the biological and technical challenges that the NGS field
faces as we push this liquid biopsy technology to detect low levels of circulating tumor,
which is especially critical in earlier stages of disease [19] or even more so as we enter into
cancer screening.
Implementation of NGS-based testing in the clinic has highlighted the importance
and potential benefits for oncology. However, standardizing the genetic interpretation
and reporting of the complex molecular results such as VUS and co-occurring mutations
among laboratories is critical. Guidelines to report and interpret NGS variants have been
published by clinical societies to help guide the community [25]. These guidelines highlight the importance of evidence-based variant annotation and tier-based categorization
supported by curated databases, such as the Oncomine™ Knowledgebase Reporter, which
are regularly maintained to align with current clinical evidence. Each case should first
be reviewed by a trained molecular diagnostic professional prior to releasing the NGS
report. Ultimately, patient management decisions are made by the physician and are based
on genetic alterations along with the other medical information associated with the case.
Increasingly, assay development efforts have focused on screening and early detection. In
these settings, panels that detect the common somatic mutations associated with tumorigenesis, like the one described here, will not be sufficient on their own, but recent data
suggests they can be improved by combining their results with other biomarkers and clinical information. For example, both DNA methylation and fragmentation signals obtained
from sequencing data have been demonstrated to increase the percentage of cancer cases
identified for cancer screening [21,22]. In addition to improving sensitivity, these tests also
have the challenges of accurately identifying the correct origin of the cancer, which can be
a difficult problem when the biomarker is found in circulation. Recent progress has been
made by combining circulating tumor DNA markers with protein signatures and Positron
Emission Tomography-Computed Tomography (PET-CT) imaging to this end [23].
5. Conclusions
Genotyping of liquid biopsy using NGS technology is suitable for implementation in
routine clinical decision-making for advanced NSCLC patients. We have demonstrated
that the assay is capable of rapidly detecting SNVs and deletions with the performance
needed to meet clinical testing requirements using the EGFR, BRAF and KRAS genes. We
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intend to extend our validation studies to additional genes and variants including CNV and
fusion/skipping, for which the current assay design is capable using cfDNA and cfRNA,
respectively. Liquid biopsy tests such as the one described can clearly detect actionable
genomic alterations in patients who are unable to undergo biopsies, whose biopsies have
not yielded sufficient, or material of sufficient quality for molecular testing. Liquid biopsy
tests have the added benefit of not being partial to biopsy location as can be a confounding
issue with tissue heterogeneity. The combination of the two rapid approaches for analyzing
cell-free nucleic acids—the targeted, low-cost ddPCR-based genotyping assays, and the
broader NGS method—provide complementary ways in which to investigate the molecular
characteristics of each NSCLC tumor.
Supplementary Materials: The following are available online at https://www.mdpi.com/2075-441
8/11/2/155/s1, Table S1: All variants within limit of detection study detected above the 5% MAF
cutoff, Table S2: Clinical accuracy results for positive samples.
Author Contributions: Conceptualization, H.M. and G.A.P.; methods development, H.M., J.R. and
L.J.; methods execution, J.R., V.M. and C.T.; data curation, J.R. and L.J.; draft preparation, H.M. and
J.R.; review and editing, H.M., L.J., V.M. and G.A.P. All authors have read and agreed to the published
version of the manuscript.
Funding: This research was funded by Biodesix Inc. There was no additional external funding from
agencies in the public, commercial, or not-for-profit sectors.
Institutional Review Board Statement: Ethical review and approval were waived for this study.
Clinical specimen use in these studies is considered exempt research under 45 CFR 46.104(d)(4) which
is the relevant exemptions section to the Common Rule (45 CFR Section 46).
Informed Consent Statement: Patient consent was waived or not required under 45 CFR 46.104(d)(4)(ii)
which defines use of biospecimens in such a manner that the identity of the human subjects cannot
readily be ascertained.
Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article and its supplementary materials.
Acknowledgments: We thank Kelli Bramlett, Ryan Peters, Ryan Mease, Geoff Bien, David Ginzinger,
Mariela Humphrey, Lin Chen, Becky Terrill, Brian Kelly, Jim Godsey, and other members of the
Thermo Fisher Scientific team for critical discussions. We would also like to thank our Biodesix
colleagues, particularly Brianna Phillips, Shawn Sandvig, Kyle Babcock and Christine Thomas for
discussion and logistics.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1.
2.
3.
4.
5.

6.
7.

Swanton, C.; Govindan, R. Clinical Implications of Genomic Discoveries in Lung Cancer. N. Engl. J. Med. 2016, 374, 1864–1873.
[CrossRef] [PubMed]
Bedard, P.L.; Hansen, A.R.; Ratain, M.J.; Siu, L.L. Tumour heterogeneity in the clinic. Nature 2013, 501, 355–364. [CrossRef]
[PubMed]
Oellerich, M.; Schütz, E.; Beck, J.; Kanzow, P.; Plowman, P.N.; Weiss, G.J.; Walson, P.D. Using circulating cell-free DNA to monitor
personalized cancer therapy. Crit. Rev. Clin. Lab. Sci. 2017, 54, 205–218. [CrossRef] [PubMed]
Diaz, L.A., Jr.; Bardelli, A. Liquid biopsies: Genotyping circulating tumor DNA. J. Clin. Oncol. 2014, 32, 579–586. [CrossRef]
Novello, S.; Barlesi, F.; Califano, R.; Cufer, T.; Ekman, S.; Levra, M.G.; Kerr, K.; Popat, S.; Reck, M.; Senan, S.; et al. Metastatic
non-small-cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2016, 27,
v1–v27. [CrossRef]
Saarenheimo, J.; Eigeliene, N.; Andersen, H.; Tiirola, M.; Jekunen, A. The Value of Liquid Biopsies for Guiding Therapy Decisions
in Non-small Cell Lung Cancer. Front. Oncol. 2019, 9, 129. [CrossRef]
Sacher, A.G.; Paweletz, C.; Dahlberg, S.E.; Alden, R.S.; O'Connell, A.; Feeney, N.; Mach, S.L.; Janne, P.A.; Oxnard, G.R. Prospective
Validation of Rapid Plasma Genotyping for the Detection of EGFR and KRAS Mutations in Advanced Lung Cancer. JAMA Oncol.
2016, 2, 1014–1022. [CrossRef]

Diagnostics 2021, 11, 155

8.

9.
10.

11.

12.
13.

14.

15.
16.
17.
18.
19.

20.

21.

22.

23.

24.

25.

10 of 10

Lanman, R.B.; Mortimer, S.A.; Zill, O.A.; Sebisanovic, D.; Lopez, R.; Blau, S.; Collisson, E.A.; Divers, S.G.; Hoon, D.S.B.; Kopetz,
E.S.; et al. Analytical and Clinical Validation of a Digital Sequencing Panel for Quantitative, Highly Accurate Evaluation of
Cell-Free Circulating Tumor DNA. PLoS ONE 2015, 10, e0140712. [CrossRef]
Sacher, A.G.; Komatsubara, K.M.; Oxnard, G.R. Application of Plasma Genotyping Technologies in Non–Small Cell Lung Cancer:
A Practical Review. J. Thorac. Oncol. 2017, 12, 1344–1356. [CrossRef]
Gerlinger, M.; Rowan, A.J.; Horswell, S.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.; Matthews, N.; Stewart, A.; Tarpey,
P.; et al. Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion Sequencing. N. Engl. J. Med. 2012, 366,
883–892. [CrossRef]
Narayan, P.; Ghosh, S.; Philip, R.; Barrett, J.C.; McCormack, R.T.; Odegaard, J.I.; Oxnard, G.R.; Pracht, L.J.; Williams, P.M.; Kelloff,
G.J.; et al. State of the Science and Future Directions for Liquid Biopsies in Drug Development. Oncologist 2020, 25, 730–732.
[CrossRef] [PubMed]
Soda, N.; Rehm, B.H.; Sonar, P.; Nguyen, N.-T.; Shiddiky, M.J.A. Advanced liquid biopsy technologies for circulating biomarker
detection. J. Mater. Chem. B 2019, 7, 6670–6704. [CrossRef] [PubMed]
Zugazagoitia, J.; Gómez-Rueda, A.; Jantus-Lewintre, E.; Isla, D.; Camps, C.; Ramos, I.; Trigo, J.; Bernabé, R.; Juan-Vidal, O.;
Sanchez-Torres, J.M.; et al. Clinical utility of plasma-based digital next-generation sequencing in oncogene-driven non-small-cell
lung cancer patients with tyrosine kinase inhibitor resistance. Lung Cancer 2019, 134, 72–78. [CrossRef]
Bowling, M.; Arastu, H.; Edwards, V.; Jackson, L.; Thurston, S.; Reese, J.; Mellert, H.; Pestano, G.A.; Walker, P. Longitudinal
monitoring for the emergence of epidermal growth factor C797S resistance mutations in non-small cell lung cancer using
blood-based droplet digital PCR. Cancer Drug Resist. 2019, 2, 912–916. [CrossRef]
Jackson, L.P.; Tjoa, B.A.; Mellert, H.; Pestano, G.A. Development of a TCR beta repertoire assay for profiling liquid biopsies from
NSCLC donors. Cancer Drug Resist. 2020, 3, 563–571. [CrossRef]
Das, K.; Fernando, M.R.; Basiaga, S.; Wigginton, S.M.; Williams, T.L. Effects of a novel cell stabilizing reagent on DNA amplification
by PCR as compared to traditional stabilizing reagents. Acta Histochem. 2014, 116, 55–60. [CrossRef]
Norton, S.; Lechner, J.; Williams, T.; Fernando, M.R. A stabilizing reagent prevents cell-free DNA contamination by cellular DNA
in plasma during blood sample storage and shipping as determined by digital PCR. Clin. Biochem. 2013, 46, 1561–1565. [CrossRef]
Norton, S.E.; Luna, K.K.; Lechner, J.M.; Qin, J.; Fernando, M.R. A New Blood Collection Device Minimizes Cellular DNA Release
During Sample Storage and Shipping When Compared to a Standard Device. J. Clin. Lab. Anal. 2013, 27, 305–311. [CrossRef]
Mellert, H.; Foreman, T.; Jackson, L.; Maar, D.; Thurston, S.; Koch, K.; Weaver, A.; Cooper, S.; Dupuis, N.; Sathyanarayana, U.G.;
et al. Development and Clinical Utility of a Blood-Based Test Service for the Rapid Identification of Actionable Mutations in
Non–Small Cell Lung Carcinoma. J. Mol. Diagn. 2017, 19, 404–416. [CrossRef]
Macías, M.; Cañada-Higueras, E.; Alegre, E.; Bielsa, A.; Gracia, J.; Patiño-García, A.; Ferrer-Costa, R.; Sendino, T.; Andueza, M.P.;
Mateos, B.; et al. Performance comparison of two next-generation sequencing panels to detect actionable mutations in cell-free
DNA in cancer patients. Clin. Chem. Lab. Med. 2020, 58, 1341–1348. [CrossRef]
Chin, Y.M.; Takahashi, Y.; Chan, H.T.; Otaki, M.; Fujishima, M.; Shibayama, T.; Miki, Y.; Ueno, T.; Nakamura, Y.; Low, S. Ultradeep
targeted sequencing of circulating tumor DNA in plasma of early and advanced breast cancer. Cancer Sci. 2021, 112, 454–464.
[CrossRef] [PubMed]
Hirotsu, Y.; Kojima, Y.; Okimoto, K.; Amemiya, K.; Mochizuki, H.; Omata, M. Comparison between two amplicon-based
sequencing panels of different scales in the detection of somatic mutations associated with gastric cancer. BMC Genom. 2016, 17,
1–9. [CrossRef] [PubMed]
Hung, S.S.; Meissner, B.; Chavez, E.A.; Ben-Neriah, S.; Ennishi, D.; Jones, M.R.; Shulha, H.P.; Chan, F.C.; Boyle, M.; Kridel, R.;
et al. Assessment of Capture and Amplicon-Based Approaches for the Development of a Targeted Next-Generation Sequencing
Pipeline to Personalize Lymphoma Management. J. Mol. Diagn. 2018, 20, 203–214. [CrossRef] [PubMed]
Samorodnitsky, E.; Jewell, B.M.; Hagopian, R.; Miya, J.; Wing, M.R.; Lyon, E.; Damodaran, S.; Bhatt, D.; Reeser, J.W.; Datta, J.; et al.
Evaluation of Hybridization Capture Versus Amplicon-Based Methods for Whole-Exome Se-quencing. Hum. Mutat. 2015, 36,
903–914. [CrossRef]
Li, M.M.; Datto, M.; Duncavage, E.J.; Kulkarni, S.; Lindeman, N.I.; Roy, S.; Tsimberidou, A.M.; Vnencak-Jones, C.L.; Wolff,
D.J.; Younes, A.; et al. Standards and Guidelines for the Interpretation and Reporting of Sequence Variants in Cancer: A Joint
Consensus Recommendation of the Association for Molecular Pathology, American Society of Clinical Oncology, and College of
American Pathologists. J. Mol. Diagn 2017, 19, 4–23. [CrossRef]

