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BACKGROUND: In cancer patients, circulating cell-free
DNA (ccfDNA) can contain tumor-derived DNA
(ctDNA), which enables noninvasive diagnosis, real-time
monitoring, and treatment susceptibility testing. How-
ever, ctDNA fractions are highly variable, which chal-
lenges downstream applications. Therefore, established
preanalytical work flows in combination with cost-
efficient and reproducible reference materials for
ccfDNA analyses are crucial for analytical validity and
subsequently for clinical decision-making.

METHODS: We describe the efforts of the Innovative Med-
icines Initiative consortium CANCER-ID (http://
www.cancer-id.eu) for comparing different technologies for
ccfDNA purification, quantification, and characterization
in a multicenter setting. To this end, in-house generated
mononucleosomal DNA (mnDNA) from lung cancer cell
lines carrying known TP53 mutations was spiked in pools of
plasma from healthy donors generated from 2 different
blood collection tubes (BCTs). ccfDNA extraction was per-
formed at 15 partner sites according to their respective rou-
tine practice. Downstream analysis of ccfDNA with respect
to recovery, integrity, and mutation analysis was performed
centralized at 4 different sites.

RESULTS: We demonstrate suitability of mnDNA as a sur-
rogate for ccfDNA as a process quality control from nucleic
acid extraction to mutation detection. Although automated
extraction protocols and quantitative PCR-based quantifi-
cation methods yielded the most consistent and precise re-
sults, some kits preferentially recovered spiked mnDNA
over endogenous ccfDNA. Mutated TP53 fragments de-
rived from mnDNA were consistently detected using both
next-generation sequencing-based deep sequencing and
droplet digital PCR independently of BCT.

CONCLUSIONS: This comprehensive multicenter compari-
son of ccfDNA preanalytical and analytical work flows is an
important contribution to establishing evidence-based
guidelines for clinically feasible (pre)analytical work flows.
© 2019 American Association for Clinical Chemistry

Clinical utility of blood-based analytes as cancer bio-
markers has been intensively investigated to overcome
the limitations of conventional tissue biopsy sampling
(e.g., invasiveness, accessibility, and heterogeneity). Cell-
free circulating tumor DNA (ctDNA)19 has attracted in-
creasing interest, as it reflects molecular characteristics of
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tumor tissues (1–4). The ease of access of ctDNA makes
it a promising analyte to improve cancer detection.
ctDNA analysis already supports therapy guidance and
longitudinal disease monitoring (5 ). Owing to its mainly
apoptotic origin, circulating cell-free (ccfDNA) is highly
fragmented, which complicates downstream analyses
(5 ). Moreover, because nonmalignant cells—mainly
from the hematopoietic system—also release ccfDNA,
the tumor fraction is highly variable and often represents
�1% (6 ).

Therefore, the integration of ctDNA analysis into
clinical practice faces a series of challenges and requires
standardization to guarantee reliable and robust results.
This is particularly an issue for (pre)analytical work flows
as shown by poor interlab concordance (3, 7–10). Stud-
ies to evaluate aspects influencing preanalytical sample
handling have demonstrated that the choice of blood
collection tubes (BCTs) and their associated stabilization
reagents, storage temperature and duration, plasma prep-
aration, and extraction protocols can significantly affect
integrity, purity, and yield of ccfDNA (11–15). These
confounding factors can lead to considerable variability
in ccfDNA extraction efficacy, quantification, and mo-
lecular characterization (16–25).

The Innovative Medicines Initiative (IMI) program
CANCER-ID is a public–private partnership active in
standardizing liquid biopsy assays. Key deliverables of the
consortium are the evaluation of technologies and best
practice recommendations for blood-based biomarker
analysis to establish criteria for benchmarking different
technologies.

Here, we describe efforts of the consortium in com-
paring different technologies for ccfDNA purification,
quantification, and characterization to establish stan-
dardized (pre)analytical work flows for ccfDNA analysis.
To create a meaningful model for an external quality
assessment of DNA extraction, quantification, and mu-
tation analysis at various variant allele frequencies
(VAFs), we evaluated the use of mononucleosomal DNA
(mnDNA), which potentially mimics naturally occurring
ccfDNA more closely than standards based on sheared
genomic DNA as an in-process control.

Materials and Methods

We compared 7 different extraction kits in a multicenter
setting and centrally evaluated various work flows for
cfDNA quantification and mutation detection using or-
thogonal methods (Fig. 1). To assess various levels of
mutant fragments, we used 2 spike sets of mnDNA de-
rived from 2 cancer cell lines. A detailed description of
the methods can be found in material included in the
Data Supplement that accompanies the online version
of this article.

PREPARATION OF SPIKED-IN PLASMA POOLS

To mirror the nucleosome-protected nature of ccfDNA,
we generated mnDNA from 2 non–small cell lung cancer
cell lines (NCl-H441 and NCI-H1573, both purchased
from ATCC) as a reference material. Both cell lines carry
a homozygous TP5320 mutation (NM_000546.4:
c.473G�T p.Arg158Leu for NCl-H441 and NM_
000546.4: c.743G�T p.Arg248Leu for NCl-H1573;
hereinafter referred to as R158L and R248L), which was
used as readout for downstream analysis (26 ). Nucleo-
somes were prepared using the Nucleosome Preparation
Kit (Active Motif). After quality control on a Tape Sta-
tion (Agilent Technologies), 2 different mixed mnDNA
preparations, resulting in different VAFs of the TP53
mutations (see Table 1 in the online Data Supplement),
were spiked into 2 different plasma pools derived from
healthy donors. To assess the feasibility of work flows
with cfDNA extracted from the most commonly used
BCTs in the field, blood samples from 15 and 28 healthy
donors were drawn into Cell-Free DNA BCT® (Streck)
and PAXgene Blood ccfDNA Tube (PreAnalytiX), re-
spectively. Spiked plasma pools were aliquoted to 4.25
mL and shipped to each participating laboratory (n �

15). For each BCT, each site received 3 replicates of spike
set I and 2 replicates with spike set II (see Table 1 in the
online Data Supplement).

ccfDNA EXTRACTION

Plasma samples were thawed on ice; ccfDNA extraction
was performed according to the manufacturer’s proto-
cols. ccfDNA extraction was performed using 6 different
extraction kits, including the QIAamp Circulating Nu-
cleic Acid (CNA) kit (4 sites), QIAsymphony circulating
DNA kit (4 sites), QIAamp MinElute ccfDNA kit (4
sites) (all QIAGEN), Maxwell RSC ccfDNA Plasma
Kit AX1115 (3 sites), Maxwell RSC ccfDNA Plasma Kit
AS1480 (Promega) (1 site), and Chemagic CNA 4k kit
special (PerkinElmer) (1 site) following the manufacturer
instructions without any deviations (see Table 2 in the
online Data Supplement). Eluates were aliquoted and
shipped on dry ice to Bayer AG, QIAGEN, Medical Uni-
versity of Graz, and TATAA Biocenter for centralized
downstream analyses (Fig. 1).

ccfDNA QUANTIFICATION

ccfDNA was centrally quantified at Bayer using the
Qubit High Sensitivity kit (Thermo Fisher) and at
QIAGEN using the quantitative PCR (qPCR)-based
Quantiplex Pro assay (QIAGEN). Moreover, we used
droplet digital PCR (ddPCR; Bio-Rad) data of 2 TP53
assays (R158L and R248L; both Bio-Rad) for absolute

20 Human Gene: TP53, tumor protein p53.
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quantification purposes and combined positive mu-
tant and wild-type droplets to calculate the overall
recovery of mutated mnDNA and intrinsic ccfDNA
from the donors.

ASSESSMENT OF ccfDNA FRAGMENT LENGTH AND INTEGRITY

Fragment sizes were evaluated at Bayer AG on a Bioana-
lyzer (Agilent Technologies) using the High Sensitivity
DNA kit according to the manufacturer’s protocol. DNA
integrity was assessed by measuring 2 different AluI PCR
products with lengths of 60 bp and 187 bp at the TATAA
Biocenter and calculating the ratio between their quanti-
tation cycles values (Alu-187/Alu-60).

MUTATION ANALYSIS OF TP53 R158L AND R248L

TP53 mutations were analyzed using ddPCR and deep
sequencing. For each TP53 mutation, a specific ddPCR
assay was performed using the Bio-Rad QX200™ plat-
form including no template controls (n � 8). Data were
analyzed using the QuantaSoft™ analytical software ver-
sion 1.7.4 (Bio-Rad). Fluorescent signals of negative con-
trols were recorded as background to establish cutoff lev-
els. Results were expressed as both number of mutants/
ccfDNA eluate (in microliters) as well as VAF (ratio
between number of mutant and wild-type droplets after
correction using the Poisson distribution). The limit of
detection of the ddPCR assays was 0.1%.

Fig. 1. Overview of the study design for evaluate ccfDNA analysis work flows.

Blood from healthy donors was drawn into Cell-Free DNA BCT® (Streck) and PAXgene Blood ccfDNA Tube (PreAnalytiX), and plasma was

extracted. Pooled plasma extracts were spiked with different amounts of mnDNA from 2 different lung cancer cell lines carrying homozygous

TP53mutations. The spiked pools were aliquoted and shipped to each participant site (n=15) for ccfDNA extraction. ccfDNA eluates were split

into 4 aliquots and shipped for centralized downstream analysis to 4 different sites. IBBL, Integrated BioBank Luxemburg; MUG, Medical

University of Graz.
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For next-generation sequencing (NGS), target-
specific primers spanning the TP53 mutations were de-
signed and tagged with Illumina-specific adapter se-
quences (see Table 3 in the online Data Supplement).
Amplicon sizes were 120 bp and 113 bp for the R158L
and R248L mutations, respectively. Deep sequencing
was performed as previously described (27 ). Paired-end
sequencing was performed on MiSeq and NextSeq se-
quencers (both Illumina), and reads were analyzed as pre-
viously described (27, 28 ). VAF was calculated as the
number of mutated reads divided by number of wild-
type reads. As we did not use a molecular barcoding strat-
egy, this deep NGS assay can reliably detect a VAF of 1%.

STATISTICAL ANALYSIS

A linear mixed-effects model was used to assess intralab
variability. Comparisons between different extraction
methods and downstream approaches were performed
via the 2-way ANOVA multiple comparison test. Two-
tailed tests with P � 0.05 were considered statistically
significant. Data analysis and visualization was per-
formed using Prism 7.0 (GraphPad Software) and R (ver-
sion 3.5.2) as well as R Studio software (R Studio). Data
revealed by the Bioanalyzer and linear mixed-effects
models were analyzed using the statistical programming
language R (29 ). Because different donors were used for
the PAXgene ccfDNA and Streck BCT plasma pools, we
did not perform a statistical comparison between the
tubes.

Results

PREPARATION OF mnDNA AND VALIDATION OF SPIKED

PLASMA SAMPLES

Micrococcal nuclease (MNase) treatment resulted in a
sample volume of 350 �L. DNA isolation from 50 �L of
MNase preparation yielded 143 and 89 ng/�L in 50 �L
of elution buffer of purified H441 and H1573 mnDNA
fragments, respectively. Analysis on a 4200 TapeStation
revealed 95% and 89% of purified H441 and H1573
mnDNA fragments in the range of 50 to 700 bp, peaking
at 149 bp and 142 bp, respectively (data not shown). To
assess a wide spectrum of VAFs, 2 different mixes of
MNase-treated cell line DNA carrying homozygous
TP53 mutations were spiked into pools obtained from a
total of 43 healthy donors (Streck n � 15; PAXgene n �

28) (see Table 1 in the online Data Supplement). Intrin-
sic ccfDNA concentrations of plasma pools were 17.06
and 21.3 ng/mL plasma for Streck and PAXgene
ccfDNA, respectively. Size distribution analysis revealed
the presence of 2 predominant fragment sizes in the range
of 140 bp and 166 bp, corresponding to the spiked-in
mnDNA and donor-derived ccfDNA, respectively (see
Fig. 1 in the online Data Supplement).

ASSESSMENT OF INTRALABORATORY VARIABILITY

Although a well-powered statistical analysis of intralab
variability was not applicable to the limited number of
replicates used in this study, we assessed intralaboratory
variation using a linear mixed-effects model. Intralab
variabilities of Qubit measurements ranged around 10%
with only a few laboratories as outliers (Fig. 2 here and
Figs. 2 and 3 in the online Data Supplement). Therefore,
all subsequent statistical comparisons reported here refer
to the ANOVA tests only.

QUANTITATIVE COMPARISON OF DIFFERENT ccfDNA

EXTRACTION METHODS

Quantification of ccfDNA was performed using Qubit,
qPCR, and the 2 TP53 ddPCR assays (see Table 4 in the
online Data Supplement). A common observation was
that measurements from extraction of the same labora-
tory were closer to each other than between laboratories
(see Fig. 2 here and Fig. 2 in the online Data Supple-
ment). The Qubit method demonstrated the greatest
variability, with the QIAamp CNA kit presenting the
widest range of yields for both BCTs (see Fig. 2 here and
Fig. 2 and Tables 5 and 6 in the online Data Supple-
ment). The 2 ddPCR assays and the Quantiplex Pro as-
says showed a lower degree of variability and good overall
concordance. The Maxwell AX1115 revealed the lowest
variation but was accompanied by lower yields of recov-
ered ccfDNA measured with PCR-based methods com-
pared with the QIAGEN kits (for P values, see Table 5 in
the online Data Supplement) (see Fig. 2 here and Fig. 2
in the online Data Supplement). In contrast, Qubit
quantification of ccfDNA from Maxwell AX1115 extrac-
tion indicated significantly higher ccfDNA recovery
from Streck plasma (see Fig. 2A here and Fig. 2A in the
online Data Supplement) compared with the other quan-
tification methods, and this same trend was observed for
plasma derived from PAXgene ccfDNA tubes (see Fig.
2B here and Fig. 2B in the online Data Supplement). As
extractions with Maxwell AS1480 and the Chemagic kit
were performed only at a single site, these results were not
compared with a multisite usage. Nevertheless, whereas
yields of the Maxwell AS1480 were similar to the
AX1115 kit, the Chemagic kit recovered the lowest yields
of ccfDNA. Notably, measurements recorded for the
spike set II, in which a lower amount of mnDNA was
spiked in and only 2 replicates were used, exhibited on
average higher variability in recovery (see Fig. 2 and
Table 6 in the online Data Supplement). Although not
directly comparable owing to different sets of donor plas-
mas, both BCTs showed similar results.

ccfDNA FRAGMENT SIZE DISTRIBUTION AND INTEGRITY

ASSESSMENT

Based on the validation of the spiked plasma pools, we
expected 2 major peaks after Bioanalyzer profiling, i.e., at

152 Clinical Chemistry 66:1 (2020)
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140 bp for spiked mnDNA and 166 bp for intrinsic
ccfDNA (see Fig. 1 in the online Data Supplement).
Both peaks could be observed in all eluates but most
prominently for the QIAGEN kits (see Fig. 3 here and
Fig. 4 in the online Data Supplement). This can be ex-
plained by the fact that 1 �L of each eluate was applied to
the chip rather than a normalized amount of ccfDNA.
Therefore, the size distribution is more evident at higher
concentrations (QIAsymphony and QIAamp CNA).
Likewise, fragments in the range of 320 bp and 480 bp,
corresponding to dinucleosomal and trinucleosomal
DNA, were observed only when at least 0.4 ng of
ccfDNA was applied to the chip. However, no presence
of high molecular weight DNA was observed for any of
the kits, indicating that both BCTs effectively protect
from release of high molecular weight DNA from (blood)
cells.

The integrity of ccfDNA was measured as the ratio
between 2 ALU1 assays targeting DNA fragments of dif-
ferent lengths of 187 bp and 60 bp (Alu-187 and Alu-
60). Whereas all QIAGEN kits showed similar integrity

indices in the range of 1.30 to 1.46 with a median of
1.39, fragments extracted with the Maxwell AX1115 kits
showed significantly lower integrity indices, ranging
from 1.34 to 1.35 with a median of 1.34, irrespective of
spike set or BCT (Fig. 4; for P values, see Table 7 in the
online Data Supplement). Integrity indices for Maxwell
AS1480 and Chemagic were slightly lower than for the
QIAGEN kits but higher than for the Maxwell AX1115.

DETECTION OF TP53 MUTATIONS R158L AND R248L

To assess the recovery and allele frequency of the spiked
mutant mnDNA, all eluates were analyzed with 2 orthog-
onal methods, mutation-specific ddPCR and deep se-
quencing (NGS) TP53 assays, respectively (see Table 8 in
the online Data Supplement). Similar to the recovery
rates, VAFs established from extraction from single lab-
oratories were highly concordant, whereas VAFs between
laboratories showed higher variability (see Fig. 5 here and
Fig. 5 in the online Data Supplement). Nevertheless,
VAFs calculated from ddPCR and NGS from each site
were strongly correlated by linear regression with an av-

Fig. 2. Multiple comparisons of different ccfDNA extraction methods for spike set I, based on different quantification approaches.

Box plots illustrate the recovery of ccfDNA (spiked mnDNA plus donor-derived ccfDNA) from Streck (A) or PAXgene Blood ccfDNA tubes (B)

among 15 extraction sites using 6 commercially available ccfDNA extraction technologies. The yield refers to the recovered nanograms of

cfDNA/mnDNA from 4mL of plasma. Yield was determined by 2 commonly used quantification assays: the qPCR-based Quantiplex Pro assay

(gray) and the Fluorometric Quantitation-based Qubit assay (yellow). Moreover, ddPCR data were utilized for quantification, and all positive

droplets (mutant andwild-type) from the2 TP53mutationddPCRassays (R158L, light blue; R248L, blue)were combined andused to calculate

the absolute yield of ccfDNA fragments. The horizontal line in each box represents the median. Two-way ANOVA multiple comparison test,

**P< 0.01.

Multicenter Evaluation of ccfDNA Extraction/Analyses
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erage Lin concordance coefficient of 0.9264 (range,
0.7979–0.9854), indicating a good concordance be-
tween the methods (see Fig. 6 in the online Data
Supplement).

Considering all measurements, for the QIAGEN
kits, both mutation detection approaches exhibited a
good concordance with respect to VAF, irrespective of
spike set or BCT (see Fig. 5 here and Fig. 5 and Tables 9
and 10 in the online Data Supplement). In contrast, the
Maxwell AX1115 showed significantly higher VAFs with
a much broader range when using ddPCR compared
with NGS (see Fig. 5, A and B, here and Fig. 5, A and B,
and Tables 9 and 10 in the online Data Supplement) (for
P values, see Tables 9 and 10 in the online Data Supple-
ment). For example, for spike set I (PAXgene), VAFs
ranged from 29% to 81% and from 0.7% to 9% for
R158L and R248L, respectively, in contrast with 29% to
42% and 2% to 7% obtained from the QIAsymphony
extractions.

Moreover, VAFs obtained from Maxwell AX1115 el-
uates were slightly higher than those from the QIAGEN
kits, with VAFs for ddPCR being even higher. Similar re-
sults were observed from Maxwell AS1480, although these
results were obtained from a single site only. This observa-
tion is in line with a significantly different recovery effi-
ciency of mutant mnDNA and donor-derived ccfDNA
fragments (see Fig. 5C here and Fig. 5C and Tables 9 and 10
in the online Data Supplement). The Maxwell kits, in par-
ticular the Maxwell AX1115, showed substantially lower
recovery of the slightly larger wild-type ccfDNA fragments
from the donors, pointing toward more efficient recovery of
the spiked mnDNA. The Chemagic kit exhibited the lowest
recovery of mnDNA.

Discussion

Although the potential role of ctDNA as a blood-based
cancer biomarker has been highlighted by numerous

Fig. 3. Multiple comparisons of different ccfDNA extraction methods for spike-in set I, based on size of ccfDNA fragments.

Bioanalyzer electropherograms illustrate profiles of the fragments of mnDNA and intrinsic ccfDNA extracted from Streck (A) and PAXgene (B)

tubes by 6 different commercially available ccfDNA extraction technologies. For all approaches, 2 major peaks of 140 bp and of 166 bp were

detected, respectively. Dinucleosomes and trinucleosomes could be observed for QIAampCNA andQIAsymphony only. The SD is represented

in gray. FU, fluorescent units; s, seconds (aligned migration time).

Continued on page 155
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groups and 2 assays for ctDNA analysis have been ap-
proved by the Food and Drug Administration as part of
companion diagnostics in colon and lung cancer
(1, 3, 4, 6, 30, 31 ), standardized (pre)analytical work
flows are still an unmet need for the broad integration of
ctDNA-based applications into the clinic. Despite exist-
ing efforts of comparing ccfDNA extraction technologies
and assessing confounding factors such as storage tem-
perature or duration (16–25, 32–34), further systematic
investigations will be required to reach a consensus for
standard operating procedures and best practice guide-
lines. To this end, CANCER-ID collaborates with the
SPIDIA4P program (http://www.spidia.eu) that is devel-
oping CEN (European Committee for Standardization)
technical preanalytical standards, including those for
ccfDNA (CEN/TC 16835-3, https://standards.cen.eu/).

Here we present a multicenter comparison of
ccfDNA extraction and quantification using multiple
preanalytical and analytical work flows. We report for the
first time the use of mnDNA spiked into plasma from
healthy individuals collected in Streck and PAXgene
ccfDNA BCTs as a process quality control from nucleic
acid extraction to mutation detection. mnDNA closely
mirrors the nucleosome-bound nature of ccfDNA and

better mimics naturally occurring ccfDNA fragment
properties in terms of size distribution, blunt fragment
ends, and nucleosome patterns than sonicated cell line
DNA or synthetic oligonucleotides. Recently, the utility
of mnDNA for test performance assessment for ctDNA
somatic mutation testing was demonstrated in a multi-
center study using a targeted capture NGS approach
(35 ). The authors demonstrated an almost identical per-
formance of mnDNA compared with ccfDNA samples
from tumor patients. However, 1 limitation was that the
ccfDNA extraction process was not evaluated in the
study. Using mnDNA, we assessed the performance of 6
commercially available ccfDNA extraction methods, in-
cluding the column-based QIAamp CNA and QIAamp
MinElute ccfDNA kits and the automated beads-based
QIAsymphony, Maxwell AX1115 and AS1480, and
Chemagic protocols, all routinely used by �1 partners of
the CANCER-ID consortium in combination with or-
thogonal downstream mutation analysis approaches.

In general, for all analyzed parameters, the measured
values were more consistent within laboratories than be-
tween laboratories. Regarding quantification, the Qubit
assay produced slightly higher values with a much
broader range than the PCR-based quantitative tech-

Fig. 3. Continued.
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niques, possibly because of overestimation by this
method, especially at the limit of quantification (21 ). In
contrast, yields established from qPCR and mutation-
specific ddPCR were highly consistent. Therefore, we
recommend using PCR-based assays when an accurate
measure of ccfDNA quantity is required for downstream
analysis. Moreover, the automated QIAsymphony proto-
col showed the best concordance for all quantification
methods among participating sites, followed by the also
automated Maxwell AX1115 platform, irrespective of the
BCT used or of the spike set. It is of note that because of
the lower overall amount of spiked mnDNA and the use
of only 2 replicates, the variability for spike set II was
generally higher. The QIAamp CNA showed the highest
recovery, independent of the spike set or the BCT. These
data are consistent with previous reports, which consider
the QIAamp CNA kit as the gold standard approach
(16, 17, 20–25, 33 ). Nevertheless, our observations im-
ply the importance of integrating automated approaches
into clinical routine practice to reduce operator-based
variability and, in doing so, increasing the concordance
of results among different sites.

Recent studies suggest that fragment sizes of tumor-
derived fragments might differ from normal ccfDNA

(36–39). As the recovery of long/short ccfDNA frag-
ments is of high interest and may affect the detection of
rare cancer-related mutations, we additionally assessed
the length distribution of the recovered fragments. Bio-
analyzer profiling revealed 2 peaks in the range of approx-
imately 140 bp and of approximately 166 bp in all elu-
ates, thus corresponding to the in-house generated
mnDNA spiked-in control and the donor-derived
ccfDNA, respectively, which aligns with previous obser-
vations (36–38). Predominant peaks were particularly
detected for methods that yielded higher ccfDNA con-
centrations in the eluates (QIAsymphony and QIAamp
MinElute kits), irrespective of the spike set and BCT. An
enrichment of high molecular weight DNA fragments
(�1000 bp), which could indicate genomic DNA re-
leased by nucleated blood cells, was not observed (40 ).

A PCR-based DNA integrity approach revealed sim-
ilar integrity indices for all QIAGEN kits, whereas the
automated Maxwell AX1115 protocol showed signifi-
cantly lower values, suggesting that this protocol prefer-
entially isolates longer donor-derived ccfDNA over the
smaller spiked-in mnDNA. This was not in concordance
with ddPCR data, in which, compared with the QIA-
GEN kits, an equal proportion of mutated mnDNA frag-

Fig. 4. Comparison of ALU1 integrity index among different ccfDNA extraction methods.

Boxplot analysis illustrates theALU1 integrity indexof the fragmentsofmnDNAand intrinsic ccfDNAextracted fromStreck (A) andPAXgene (B) tubes

among 15 extraction sites using 6 different commercially available ccfDNA extraction technologies, evaluated through 2 ALU1 PCRs (Alu-187 and

Alu-60), per each spike-in set. The horizontal line in each box represents themedian. A 2-way ANOVAmultiple comparison test was performed.
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ments (140 bp) but a smaller proportion of intrinsic wild-
type ccfDNA fragments (166 bp) was observed (see Fig. 5
here and Fig. 4 in the online Data Supplement). There-
fore, despite a lower overall yield of recovered fragments,
the Maxwell AX1115 showed an artificially increased
VAF of TP53 mutations in Streck tubes and a similar
trend in PAXgene ccfDNA tubes. In this context, ampli-
con size should also be taken into account for ctDNA
assay design. In our study, the ddPCR amplicons were of
90 bp in length in contrast with 113 and 120 bp of the
NGS assays, potentially leading to a preferential amplifi-

cation of the shorter mnDNA. This might explain the
slightly higher—albeit for the majority of eluates, not
significantly different—VAFs observed with ddPCR.
Only eluates from the Maxwell AX1115 kit showed sig-
nificantly higher VAFs for both TP53 mutations com-
pared with NGS, but this was more prominent in the
samples with higher input (spike set I).

NGS seemed to present more consistent results than
ddPCR. This observation can be explained by the fact
that NGS used a 4-fold higher input amount compared
with ddPCR. Therefore, it is likely that stochastic varia-

Fig. 5. Mutation detection of TP53 R158L in spike-in set I and II.

Box plots illustrate VAF of TP53 R158L detected via ddPCR (dashed plot) andNGS (solid plot) among 6 different ccfDNA extractionmethods for

Streck (A) and PAXgene ccfDNA (B) tubes, for spike-in set I (blue) and II (yellow). The horizontal line in each box represents themedian. Stacked

bars (C) indicate mutant (MUT) and wild-type (WT) fractions of mnDNA and intrinsic ccfDNA quantified through ddPCR. Two-way ANOVA

multiple comparison test, ****P< 0.0001.
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tion in pipetting in combination with lower numbers of
target molecules contributed to the variability of ddPCR
results. Yet, a good concordance was achieved between
VAFs obtained from NGS and ddPCR within laborato-
ries. It is of note that the major aim of this study was the
assessment of different work flows, including orthogonal
methods for mutation detection in combination with
MNase-treated DNA rather than testing the analytical
sensitivity and reproducibility of ddPCR and NGS. To
this end, we decided to spike levels of mutated DNA that
can be reliably detected with both methods, ranging from
2.5% to 30%. When it comes to the detection of rare vari-
ants (VAF � 1%), ddPCR may outperform conventional
NGS unless molecular barcoding strategies are used (6).
Nevertheless, our data suggest that both methods can be
effectively used in a clinical setting in combination with the
tested extraction kits and BCTs. However, a limitation of
our study was that owing to 2 different donor sets for the 2
BCTs, a direct comparison of them was not possible. Fur-
thermore, it is important to add that when orthogonal
methods are used for mutation detection, confounding fac-
tors such as input amounts or amplicon sizes may influence
the results and add to variability.

Because the extraction method and the downstream
application might introduce unavoidable biases to DNA
integrity and the mutation detection rate, we highly rec-
ommend the continuous use of the same method based
on validated standard operating procedures to obtain
comparable results. If a laboratory is considering chang-
ing parts of the work flow, some form of verification is
required to determine whether the new work flow com-
plies with the previous assertions. For this purpose and
for comprehensive external quality assessments, mixtures

of mnDNAs from mutant and wild-type cell lines with
defined VAFs spiked into synthetic plasma may present
an inexhaustible quality measure for various methods.

In summary, we report findings highly relevant for
the development of standard operating procedures and
validation of clinically relevant tests (Table 1). Our data
are a step toward standardization of preanalytical pro-
cesses and the verification and validation of ctDNA as-
says, which is essential in proving their clinical utility,
and finally enabling widespread use of ctDNA in clinical
routine practice.
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Table 1. Important findings and recommendations for ctDNA work flows.

Extraction Automated approaches should be integrated into the clinical routine to reduce operator-based
variability and hands-on time.

Various extraction kits differ in their efficiency of recovering different fragment lengths.

Quantification qPCR is more accurate and precise than Qubit.

qPCR should be used in cases when only a little material is available and accurate quantification
is required.

Downstream analysis Deep sequencing and ddPCR methods can be effectively utilized in a clinical setting in
combination with a variety of extraction kits and BCTs.

The amount of input DNA should be taken into account for assay validation, as it contributes to
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determine whether the new work flow complies with the previous assertions.
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