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Dutch National Round Robin Trial on Plasma-Derived
Circulating Cell-Free DNA Extraction Methods Routinely
Used in Clinical Pathology for Molecular Tumor Profiling

Paul van der Leest,a Emma M. Ketelaar,a Carel J.M. van Noesel,b Daan van den Broek,c

Robert A.A. van Boerdonk,d Birgit Deiman,e,f,g,h Naomi Rifaela,a Robert van der Geize,i Cornelis J.J. Huijsmans,j

Ernst Jan M. Speel,k Maartje J. Geerlings,l Ron H.N. van Schaik,m Maurice P.H.M. Jansen,n Ria Dane-Vogelaar,o

Else Driehuis,p Mathie P.G. Leers,q Grigory Sidorenkov,r Menno Tamminga,s Léon C. van Kempen,a and
Ed Schuuringa,*

BACKGROUND: Efficient recovery of circulating tumor
DNA (ctDNA) depends on the quantity and quality of
circulating cell-free DNA (ccfDNA). Here, we evaluated
whether various ccfDNA extraction methods routinely
applied in Dutch laboratories affect ccfDNA yield,
ccfDNA integrity, and mutant ctDNA detection, using
identical lung cancer patient–derived plasma samples.

METHODS: Aliquots of 4 high-volume diagnostic leuka-
pheresis plasma samples and one artificial reference plasma
sample with predetermined tumor-derived mutations were
distributed among 14 Dutch laboratories. Extractions of
ccfDNA were performed according to local routine stand-
ard operating procedures and were analyzed at a central ref-
erence laboratory for mutant detection and assessment of
ccfDNA quantity and integrity.

RESULTS: Mutant molecule levels in extracted ccfDNA
samples varied considerably between laboratories, but
there was no indication of consistent above or below
average performance. Compared to silica membrane–
based methods, samples extracted with magnetic
beads–based kits revealed an overall lower total

ccfDNA yield (−29%; P, 0.0001) and recovered fewer
mutant molecules (−41%; P, 0.01). The variant allelic
frequency and sample integrity were similar. In samples
with a higher-than-average total ccfDNA yield, an aug-
mented recovery of mutant molecules was observed.

CONCLUSIONS: In the Netherlands, we encountered di-
versity in preanalytical workflows with potential conse-
quences on mutant ctDNA detection in clinical
practice. Silica membrane–based methodologies resulted
in the highest total ccfDNA yield and are therefore pre-
ferred to detect low copy numbers of relevant mutations.
Harmonization of the extraction workflow for accurate
quantification and sensitive detection is required to pre-
vent introduction of technical divergence in the preana-
lytical phase and reduce interlaboratory discrepancies.

Introduction

Liquid biopsies for the detection of tumor-derived var-
iants have gained increasing interest in clinical diagnos-
tics. Due to its minimally invasive nature, application of
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liquid biopsy ranges from early screening and molecular
target detection to treatment response prediction, min-
imal residual disease, and disease monitoring, including
early detection of therapy resistance (1, 2). However, so
far only 4 CE-IVD and Food and Drug Administration–
approved commercial liquid biopsy tests are applicable
in the clinical setting, being the Cobas EGFR
Mutation Test v2 (Roche Diagnostics), Therascreen®
PIK3CA RGQ PCR Kit (Qiagen), FoundationOne®
Liquid CDx (Foundation Medicine), and Guardant
360® CDx (Guardant Health) (2, 3).

To date, (pre)analytical conditions vary substantial-
ly with respect to plasma collection and processing, stor-
age conditions, circulating cell-free DNA (ccfDNA)
extraction methods, elution volumes, and analytical in-
put (4–6). Although these aspects have been demon-
strated to drastically affect the ccfDNA quantity,
quality, and mutant detection sensitivity (4, 7), stand-
ardization is lacking. The detection of tumor-derived
mutant DNA [circulating tumor DNA (ctDNA)] in
the ccfDNA in plasma of cancer patients is the most fre-
quently applied liquid biopsy approach (1, 8–10).
Previous studies have examined the differences between
ccfDNA extraction methods using pooled purified hu-
man or artificial plasma with spiked-in (mutant) DNA
(4, 11–14). In the majority of these studies, the
QIAamp Circulating Nucleic Acid Kit yielded the
most ccfDNA (4, 11, 12) and the most consistent results
(13), whereas one study observed the highest yield using
magnetic beads–based chemistry (i.e., QIAsymphony
DSP Circulating DNA Kit) (14).

Within the framework of the CANCER-ID consor-
tium (http://www.cancer-id.eu), an intra- and interla-
boratory comparison of ccfDNA extraction methods
with well-defined mutant spiked-in plasma samples de-
monstrated that extraction methods based on magnetic
beads–based chemistry (i.e., Maxwell RSC LV
ccfDNA Kit) resulted in a lower total yield of ccfDNA
compared to silica membrane–based extraction methods
(i.e., QIAamp Circulating Nucleic Acid Kit) (4).
However, magnetic beads–based extraction methods
displayed an increase in the short-to-long DNA frag-
ments ratio, likely due to more efficient extraction of
shorter ccfDNA fragments (4, 15). Similar results were
observed with ccfDNA extracted from patient-derived
plasma and high-volume diagnostic leukapheresis
(DLA) plasma (7). It remains unclear whether the quan-
titative and qualitative differences of total ccfDNA ex-
tracted with different methods affect the detection and
quantification of mutant ctDNA.

The aim of this study was to gain insight in the per-
formance of ccfDNA extraction methods that are used
in current diagnostic settings across laboratories in the
Netherlands. Within the framework of the COIN con-
sortium (www.cfdna.nl/coin), we performed a round

robin ccfDNA extraction trial among 14 laboratories
that are presently using ctDNA testing in clinical or re-
search setting. The participating laboratories received an
aliquot of 4 high-volume DLA plasma samples and one
commercial spiked-in reference plasma sample for
ccfDNA extraction. All extracted ccfDNA was sent to
a central reference laboratory to analyze and compare
the differences in detection of mutant ctDNA and
ccfDNA quantity and integrity.

Material and Methods

SELECTION OF PARTICIPANTS

A survey was conducted among laboratories specialized
in pathology, medical oncology, and laboratory medi-
cine in the Netherlands to identify sites performing
plasma-derived ctDNA analysis and willing to partici-
pate in this interlaboratory round robin trial (see the on-
line Supplemental Appendix 1). Fourteen laboratories
that indicated willingness to participate in this round ro-
bin trial received a more detailed survey on their applied
standardized ccfDNA extraction method, plasma volume,
and elution volume, among others (Supplemental
Appendix 2).

PLASMA SAMPLE SELECTION AND QUANTITATIVE VALIDATION

DLA plasma samples from 4 patients with metastatic
nonsmall cell lung cancer who were treated at the
University Medical Center Groningen (UMCG;
Groningen, The Netherlands) were retrieved from the
UMCG DLA-Biobank. On-treatment DLA cell-free
plasma samples were collected in citrate as described pre-
viously (16, 17) and stored as 50 mL fractions at −80°C
within 30 min after withdrawal. All patients provided
written informed consent for use of their samples for re-
search and validation purposes. DLA samples were se-
lected based on the presence of a driver mutation in
the pretreatment tumor tissue biopsy and the availability
of sufficient plasma (at least 50 mL). Droplet digital
PCR (ddPCR) analysis was performed as reported previ-
ously (7, 18, 19) to select 4 DLA cases with detectable
ctDNA levels, as well as sufficient ccfDNA yield using
Qubit. After thawing, 50 mL of the 4 selected DLA cases
were centrifuged at 1600 × g for 10 min to separate the
plasma from the debris. Plasma was aliquoted in frac-
tions of 1 or 2 mL and stored at −80°C until their ship-
ment on dry ice to the participating laboratories.

In addition, artificial ccfDNA in plasma (40 ng/mL)
spiked-in with the EGFR T790Mmutation at 1% variant
allelic frequency (VAF) was sent to each laboratory as ref-
erence material (Sample 5; purchased from SensID,
Rostock, Germany).
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All plasma processing steps were performed in a la-
boratory not used for any molecular testing to reduce
contamination risk.

CCFDNA EXTRACTION BY THE PARTICIPANTS

All laboratories were requested to perform the ccfDNA ex-
traction from 2 to 4 mL of plasma using their regular pro-
tocols (Supplemental Fig. 1). ccfDNA samples were stored
at −20°C until sent on dry ice to the central laboratory
(UMCG). The total volume of ccfDNA was returned to
the UMCG and stored at −20°C until further analyses.

CENTRAL ASSESSMENT OF THE CCFDNA ELUATES

EXTRACTED BY THE PARTICIPANTS

ccfDNA volumes were measured, and the concentration
was determined using the Qubit dsDNA HS assay kit
on a Qubit 2.0 fluorometer (Thermo Fischer Scientific)
and LiquidIQ on the MassARRAY System (Agena
Bioscience) as reported previously (7, 20). Integrity was
determined throughmeasuring the fragment size distribu-
tion of 137, 420, and 1950 bp fragments using the
β-actin 1-tube 3-size ddPCR assay as described previously
(7). Traces of ccfDNA fragment sizes were analyzed using
the TapeStation (Agilent) according to the manufac-
turer’s instructions. In all LiquidIQ and TapeStation ana-
lyses, Seraseq ctDNA Complete WT (Seracare Life
Sciences) was used as reference material to compare inter-
run variability.

MUTANT CTDNA ASSESSMENT USING DDPCR

Mutation-specific ddPCR analysis was performed as re-
ported previously (7, 18). Primer and probe sequences
are summarized in Supplemental Table 1. ddPCR assays
were performed using the Bio-Rad QX200™ platform
according to manufacturer’s instructions and included
mutant, wildtype, and no template controls. ddPCR
analyses were performed with 2.5 to 8.8 µL of ccfDNA
with different concentrations up to 0.67 ng/μL. Data
were analyzed with the QuantaSoft™ analytical software
version 1.7.4.0917 and QuantaSoft™ Analysis Pro
1.0.596 (Bio-Rad). Droplet counts were used to calculate
the number of copies per initial volume of plasma input,
as well as the VAF calculated by the QuantaSoft™
Analysis Pro 1.0.596 software. To determine the expected
technical variation in mutant molecules and VAF of
ddPCR analyses, a mutation-specific ddPCR analysis was
performed in triplicate on a separate extraction of each
sample performed at the UMCG. The expected variation
was defined as the median+CV, defined by the ratio of
the SD to the mean.

All molecular testing was performed in the
NEN-EN-ISO15189–accredited laboratory for molecu-
lar pathology at the UMCG. All standard precautions
were taken to avoid contamination of amplification

products using separate laboratories for pre- and
post-PCR handling.

STATISTICAL ANALYSES

Statistical analyses were performed using Prism version
8.4.2. (GraphPad software). For statistical assessment
between silica membrane– and magnetic beads–based
kits, a Mann–Whitney U-test was performed. For statis-
tical assessment of multiple groups, a 1-way ANOVA
with nonparametric measures (Kruskal–Wallis test)
was performed followed by Dunn’s multiple comparison
test. Multilevel linear regression analysis with measure-
ments clustered on sample level was performed using a
generalized linear mixed model in SPSS software (ver-
sion 25) to test the association between the extraction
methods on the one hand and 3 outcomes on the other
hand, namely ccfDNA yield, ccfDNA integrity, and
mutant ctDNA levels. The tested associations were ad-
justed for the potential confounders plasma volume
and elution volume.

Results

CHARACTERIZATION OF DLA SAMPLES IN THE ROUND

ROBIN TRIAL

Prior to shipment, ccfDNA and mutant ctDNA levels in
an aliquot of the 4 DLA samples and the reference plas-
ma sample were quantified by the central laboratory.
ccfDNA was extracted with the silica membrane–based
QIAamp Circulating Nucleic Acid Kit as reported previ-
ously (7). The number of copies as well as VAF of ex-
pected mutations were determined in triplicate
(Table 1). The mean variation, expressed as CV of the
triplicate analyses, was 40% and 33% for mutant mole-
cules and VAF, respectively, which were slightly higher
compared to the 31% CV established previously using
reference material (21). Sample 3 demonstrated a low
yield and low number of mutant molecules (Table 1).
Therefore, Sample 3 was only included for the compari-
son of ccfDNA yield and integrity and excluded from
mutation detection.

CCFDNA EXTRACTION METHODS

In total, 14 Dutch laboratories participated in this inter-
laboratory round robin trial, all receiving a 2 to 4 mL of
each plasma sample. Table 2 describes the routine proce-
dures for ccfDNA extraction of the participants. Six dif-
ferent extraction methods were used: the QIAamp
Circulating Nucleic Acid Kit (Qiagen), Cobas cfDNA
Sample Preparation Kit (Roche), Maxwell RSC LV
ccfDNA Kit (Promega Benelux BV), QIAamp
MinElute ccfDNA Mini Kit (Qiagen), QIAsymphony
DNA Mini Kit (Qiagen), and the MagNa Pure 24
Total NA Isolation Kit (Roche). A broad range of
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elution volumes was observed when the extracted
ccfDNA arrived at the central reference laboratory at
the UMCG (Table 2).

RECOVERY OF MUTANT CTDNA

Mutant-specific ddPCR assays were performed to quan-
tify the expected mutations in the samples. In total,
56 ddPCR reactions were performed (Fig. 1, A;
Supplemental Table 1). For each plasma sample, the me-
dian number of ctDNA copies per mL plasma was

determined and variation calculated. In 12 of the 56
samples tested, more mutant molecules were detected
than the median plus one CV. Eight of these (75%)
were extracted with a silica membrane–based method.
In 15 samples, fewer mutant molecules were detected,
of which 11 were extracted with magnetic beads
(74%) (Fig. 1, A). This suggested that ccfDNA extracted
with a silica membrane–based method resulted in a
higher recovery of mutant molecules. When mutant
molecule levels were normalized against the median
of each plasma sample and stratified for silica

Table 1. Sample characteristics.

Sample ID Tissue mutation CcfDNA, ng/μL VAF, ddPCR, % Mutant molecules,a ddPCR

Sample 1 KRAS c.34G.T; p.(G12C) 0.97 1.7 + 0.70 58 + 23

Sample 2 KRAS c.34G.T; p.(G12C) 0.73 1.7 + 0.55 47 + 17

Sample 3 TP53 c.818G.A; p.(R273H) 0.32 2.7 + 0.71 17 + 7.1

Sample 4 TP53 c.536A.G; p.(H179R) 0.52 4.0 + 1.5 23 + 8.7

Sample 5 EGFR c.2369C.T; p.(T790M) 1.82 0.8 + 0.18 74 + 21

Referenceb KRAS c.35G.A; p.(G12D) 1.00 0.9 + 0.28 10 + 2.8

aDepicted as mutant copies/mL of plasma.
bReference ccfDNA samples spiked-in with the KRAS p.(G12D) mutation.

Table 2. ccfDNA extraction methods used in this interlaboratory study.

Lab Plasma volume, mL Elution volume, μL Extraction method Chemistry Execution Remarks

1 4 39 (38–40) CNA Silica membrane Manual None

2 2 32 (26–32) CNA Silica membrane Manual Yesa,b

3 2 52 (52–52) CNA Silica membrane Manual None

4 3 49 (48–51) CNA Silica membrane Manual Yesc

5 2 80 (78–80) COB Silica membrane Manual None

6 2 100 (100–100) COB Silica membrane Manual None

7 2 44 (40–46) RSC Magnetic beads Automated None

8 2 50 (46–57) RSC Magnetic beads Automated None

9 2 45 (42–48) RSC Magnetic beads Automated None

10 4 64 (62–66) RSC Magnetic beads Automated Yesd

11 3 41 (34–42) ME Magnetic beads Manual None

12 2 26 (24–27) ME Magnetic beads Manual Yesb

13 2 66 (65–69) SYM Magnetic beads Automated None

14 4 48 (43–50) MNA Magnetic beads Automated None

Elution volumes of ccfDNA extracted from the 5 plasma samples were measured upon arrival in the UMCG and are displayed as a mean
(range).
RSC, Maxwell RSC LV ccfDNA Kit; CNA, QIAamp Circulating Nucleic Acid Kit; MNA, MagNa Pure 24 Total NA Isolation Kit; COB, Cobas
ccfDNA Sample Preparation Kit; SYM, QIAsymphony DNA Mini Kit; ME, QIAamp MinElute ccfDNA Mini Kit.
aApplied a modified protocol (see Supplemental Appendix 1).
bccfDNA samples were not frozen when received by the UMCG.
cPlasma samples thawed during transport to Lab 4 due to shipping delays. Upon arrival, the plasma was stored at 4°C.
dccfDNA samples were stored at 4°C before they were sent to UMCG.
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membrane– and magnetic beads–based chemistry
(Fig. 1, B), fewer mutant molecules were detected in
ccfDNA extracted from plasma with a magnetic
beads–based extraction method [0.76 vs 1.29 (−41%),
P, 0.01] (Fig. 1, B), confirming the higher ctDNA re-
covery with a silica membrane–based extraction method.
Multilevel linear regression analysis revealed that
ccfDNA extraction using the Maxwell RSC LV
ccfDNA Kit resulted in fewer mutant molecules com-
pared with the QIAamp Circulating Nucleic Acid Kit
(P, 0.001), but other factors were not found signifi-
cantly different (Supplemental Table 2A). With respect
to VAF, fewer samples with frequencies above or below
the average were observed (n= 17), and no significant
difference was found between the silica membrane–
and magnetic beads–based extraction methods (P=
0.70) (Fig. 1, C and D).

YIELD OF TOTAL CCFDNA

To determine whether the lower detection of mutant
molecules copies in ccfDNA extracted from plasma
with a magnetic beads–based method is related to the
yield of ccfDNA using different extraction methods, to-
tal ccfDNA was quantified with the fluorescence-based
quantification assay Qubit (Fig. 2, A). The elution buf-
fer of the MagNa Pure 24 Total NA Isolation Kit con-
tains a component that quenches fluorescence (22);
hence, the samples from Lab 14 could not be quantified
with the Qubit assay and were excluded from this ana-
lysis. In total, 65 Qubit reactions were performed, and
the observed overall CV was 40%. For each plasma sam-
ple, the median amount of ccfDNA (nanogram) per
milliliter of plasma was determined. In 10 ccfDNA sam-
ples, a higher ccfDNA yield was detected than the calcu-
lated variation of the median, all extracted with a silica
membrane–based method (Fig. 2, A). In 8 samples, a
lower yield compared to the average was observed, of
which 7 were extracted with magnetic beads (88%).
When normalized against the median, a decreased yield
was detected in ccfDNA extracted from plasma with a
magnetic beads–based extraction method [1.21 vs 0.86
(−29%), P, 0.0001] (Fig. 2, B). Except for the
QIAamp MinElute ccfDNA Mini Kit, all extraction
methods yielded significantly less total ccfDNA com-
pared with the QIAamp Circulating Nucleic Acid Kit
method in multilevel linear regression analysis
(Supplemental Table 2B). In addition, a plasma volume
of 2 mL and a higher elution volume increased the total
ccfDNA yield during extraction.

CCFDNA INTEGRITY

As a measure of integrity, fragment size distributions
were determined using the β-actin 1-tube 3-size
ddPCR assay as described previously (7). The β-actin

1-tube 3-size ddPCR assay can generate fragments of
137, 420, and 1950 bp (Supplemental Fig. 2). More
fragments of each size were extracted with silica mem-
brane–based methods compared to magnetic beads–
based kits (Supplemental Fig. 3). A lower ratio of
1950 bp (long-sized fragments; i.e., genomic DNA)
and 137 bp fragments (short-sized fragments; i.e.,
ccfDNA), indicates a lower abundance of genomic
DNA (Fig. 3, A). Seventy ddPCR reactions were per-
formed. For each plasma sample, the median ratio of
long-to-short–sized ccfDNA fragments and variation
thereof was determined. In 9 ccfDNA samples, a higher
ratio of long-to-short–sized ccfDNA fragments was de-
tected than the expected variation of the median, of
which 6 were extracted with a magnetic beads–based
method (67%). In 14 ccfDNA samples, a lower ratio
than the expected variation of the median was observed,
of which 8 were extracted with magnetic beads (57%).
No difference in the long-to-short–sized ratio between
silica membrane– and magnetic beads–based methods
were observed after normalization to the median (P=
0.81) (Fig. 3, B). The ultrasonic fragmented DNA in
the reference sample (Sample 5) barely showed long-
sized fragments and was therefore excluded from the
normalized analysis. Multilevel linear regression analysis
revealed no significant differences, except for a lower
long-to-short–sized ratio when using a 3-mL plasma in-
put volume (P, 0.05) (Supplemental Table 2C).

EFFECT OF CCFDNA YIELD AND INTEGRITY ON MUTANT

MOLECULE DETECTION

To determine whether the difference in the quantifica-
tion of mutant molecule detection (i.e., higher or lower
than the median +1 CV, respectively) was related to
yield or integrity when using different ccfDNA extrac-
tion methods, all data were compared (Fig. 4). In gen-
eral, most results below the median −1 CV, referred
to as “lower-than-average,” were observed when samples
were extracted with magnetic beads–based methods
(77%), while the majority of “higher-than-average” re-
sults were obtained with silica membrane–based extrac-
tion methods (65%). For the samples with a
higher-than-average mutant molecule detection, only
27% and 25% had a higher-than-average yield and in-
tegrity, respectively. On the other hand, 21% of the sam-
ples with lower-than-average mutant molecule detection
also had a lower-than-average yield. ccfDNA integrity of
all samples was comparable according to the heatmap
analysis. Based on these results, discrepant mutant mol-
ecule levels could not be attributed to difference in yield
or integrity (Fig. 4). Regarding the absolute ccfDNA
amount, an increased yield was observed in the samples
with higher-than-average mutant molecule detection
quantified with either Qubit (Supplemental Fig. 4, A)
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or LiquidIQ (Supplemental Figure 4, B). Multilevel lin-
ear regression analysis confirmed the association between
higher yield and increased mutant molecule levels
(Supplemental Table 3A). In contrast, no discrepancies
were determined in regard of sample integrity
(Supplemental Fig. 4, C). In line with this observation,
analysis of the TapeStation traces of the ccfDNA frag-
ment size distribution did not reveal differences between
samples with higher- or lower-than-average detected
mutant molecules (Supplemental Fig. 5). As such, no as-
sociation between integrity and mutant molecule levels
was observed in multilevel linear regression analysis
(Supplemental Table 3B).

Discussion

In this Dutch national round robin trial, we report on
differences in ccfDNA yield and integrity with different
ccfDNA extraction methods and the impact on ctDNA
mutation detection. In general, extraction methods

relying on silica membrane chemistry outperformed
magnetic beads–based tests regarding ccfDNA yield
and ctDNA recovery, while sample integrity was com-
parable. As such, yield seemed to affect mutant molecule
detection more prominently than sample integrity.

According to current guidelines, cancer diagnostics
rely on the availability of tumor tissue biopsy for accurate
classification and (actionable) mutant detection. If liquid
biopsy approaches reach sufficient analytical sensitivity re-
garding molecular tumor profiling in metastasized cancer,
they harbor potential to overcome the limitations of con-
ventional tumor tissue–based analyses (e.g., invasiveness,
inability of repetition, tumor heterogeneity). To imple-
ment plasma-derived ccfDNA testing in the clinical setting,
it is crucial to establish standardized guidelines and storage
conditions (i.e., blood collection tubes, transport, storage
time), as well as cell-free plasma processing (7). Previous
studies have shown that selection of ccfDNA extraction
methodology and plasma input and elution volumes dras-
tically impact the yield and quality of the extractedmaterial

Fig. 1. Detection of mutant molecules. (A), Mutant copy levels as determined with the corresponding
mutation-specificddPCR assay. Circles indicate samples extractedwith silicamembranes; squares indicate
samples extracted with magnetic beads. Grey boxes represent the 40% expected variation from the me-
dian; (B), When normalized against the median, significantly more mutant molecules were measured in
samples extracted with silica membrane–based methods (blue circles) than samples extracted with mag-
netic beads–based methods (orange squares); (C), VAF as determined with the according mutation-
specific ddPCRassay.Greyboxes indicate the33%expected variation from themedian; (D),Whennormal-
ized against themedian, no significant difference in VAFweremeasured between samples extracted with
silica membrane–based methods (blue circles) and samples extracted with magnetic beads–based meth-
ods (orange squares). Wilcoxon signed-ranked test P values, 0.05 are considered significant.
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(4, 21). Here, we collected the plasma processing proce-
dures routinely applied by 14 clinical laboratories across
theNetherlands to summarize its variety andultimate effect
on ccfDNA mutation detection, quantity, and quality
using identical patient-derived plasma samples.

Plasma samples of lung cancer patients generally
yield various amounts of ccfDNA, ranging from almost
nonexistent values to micrograms per milliliter (9). To
accurately quantify mutant molecule levels of ctDNA,
it is crucial to recover the most ccfDNA possible for clin-
ically relevant interpretation regarding treatment
decision-making, as multigene predictive testing with

next-generation sequencing relies on high input
amounts for optimal and sensitive detection (21). In
addition, single-target approaches, such as ddPCR, often
require repetitive testing due to low ccfDNA concentra-
tion or multiple suspected targets, for which a lot of ma-
terial is required. Here, we determined that extraction
with silica membrane–based methods yields more total
ccfDNA and ctDNA than magnetic beads–based meth-
ods, in agreement with previous reports using artificial
spiked-in or patient-derived plasma (4, 7, 11, 12). This
implies that ccfDNA extraction with silica membrane–
based methods increases the chance of recovering

Fig. 2. Determination of ccfDNA yield. (A), Samples from each laboratory were quantified using Qubit.
Circles indicate samples are extractedwith silicamembranes; squares samples are extractedwithmagnet-
ic beads. Grey boxes represent the 40% expected variation from the median; (B), Normalization against
themedian reveals significantlymoremutantmolecules in samples extractedwith silicamembrane–based
methods (blue circles) than samples extractedwithmagnetic beads–basedmethods (orange squares). Lab
14 was excluded from yield quantification due to fluorescence quenching reagents in the elution buffer
(22). Wilcoxon signed-ranked test P values , 0.05 are considered significant.

Fig. 3. Ratio of long-to-short-sized ccfDNA fragments. (A), The 1950/137 bp ratio was determined with
the β-actin one-tube 3-size ddPCR assay. Circles indicate samples are extracted with silica membranes;
squares samples are extracted with magnetic beads. Grey boxes represent the 40% expected variation
from the median; (B), Normalization against the median reveals no differences between silica mem-
brane–basedmethods (blue circles) than samples extractedwithmagnetic beads–basedmethods (orange
squares). Sample 5 was excluded from the normalized data since the material was artificially fragmented.
Wilcoxon signed-ranked test P values, 0.05 are considered significant.
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mutant molecules from a plasma sample, especially when
ccfDNA concentrations are low. However, the ctDNA re-
covery using samples extracted with either a silica mem-
brane–based or magnetic beads–based method also
revealed some intragroup variation, highlighting that pro-
cessing conditions and the choice of extraction method
can influence outcome. Larger series are required to elab-
orate on the performance of individual extraction meth-
ods. Overall, our results demonstrated that
harmonization of the ccfDNA extraction workflow for ac-
curate quantification and sensitive detection is required to
prevent technical divergence in the preanalytical phase
and reduce interlaboratory discrepancies.

As ccfDNA is highly fragmented, with peak sizes
around 167 bp, and the ctDNA fraction is even shorter
in length (23–25), preferential extraction of short-sized
fragments in contrast to genomic DNA might augment
the chance of detecting mutant molecules despite a po-
tential lower yield. In this study, we confirmed previous
observations showing increased detection of all fragment
sizes using silica membrane–based methods compared to
magnetic beads (4, 7, 15). However, these studies using
artificially spiked-in plasma samples determined a rela-
tively higher amount of short-sized ccfDNA resulting
in a decreased long-to-short–sized fragments ratio,

which seems not to be apparent in patient-derived plas-
ma samples (5). Accordingly, no discrepancies between
silica membrane– and magnetic beads–based extraction
methods were observed regarding the VAF, in agree-
ment with previous studies (4, 7, 26). Although Bos
et al. recently established that measuring mutant mol-
ecule levels correlated strongly with VAF percentages
(27), longitudinal studies showed that monitoring mu-
tant molecules outperforms VAF regarding treatment re-
sponse prognosis (18, 25, 28). In summary, even though
mutant molecules were detectable in all the analyzed
samples and the number of measured mutant molecules
were mostly within the expected variation from the me-
dian, silica membrane–based methods seem preferable
to yield the highest amounts of total ccfDNA and
ctDNA without compromising on sample integrity.

As the laboratories were instructed to perform the
ccfDNA extraction according to their routine standard
operating procedures, various ccfDNA extraction
methods with variable plasma and elution volumes
were applied. This round robin trial was facilitated by
availability of unique high-volume (.50 mL) patient-
derived DLA plasma samples, which enabled distribu-
tion of aliquots of identical plasma sample to each
participating laboratory, minimizing discrepancies

Fig. 4. Heatmap of ccfDNA characteristics. All samples for each laboratory were rated above average
(green), average (within expected range from the median; yellow), or below average (red) based on mu-
tant molecule levels, VAF, yield, and integrity. Plasma samples 1 to 5 are depicted on the x-axis per cat-
egory. Variations in mutant molecule detection were not specifically attributable to yield or integrity.
Sample 3 was excluded from mutant molecule detection since expected copy numbers and yield were
considered insufficient. Lab 14 was excluded from yield quantification due to fluorescence quenching re-
agents in the elution buffer (22). Sample 5 was excluded from integrity analysis as this reference sample
was artificially fragmented.
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induced through plasma handling and hemolysis. As
DLA is citrated plasma, it is not identical to plasma col-
lected via conventional blood withdrawal; however, it
has previously been proven to contain detectable
ctDNA at similar VAFs as matched blood draws in
Streck tubes (21). Due to limited DLA plasma volumes,
distributed aliquots were maximized to 4 mL whereas 3
laboratories indicated the use of 8 mL of plasma in their
routine practice. Transport conditions and sample hand-
ling (e.g., storage conditions, freeze–thaw cycles) also
might have affected the quality of source and extracted
material. To resolve these issues, we requested that the
laboratories document all procedures adequately.
Despite some divergence, these conditions seemed to
have affected the ccfDNA minimally, except for thawing
of the plasma during shipment. Compared to other la-
boratories using QIAamp Circulating Nucleic Acid Kit,
Lab 4 showed poorer ccfDNA yield and mutant molecule
levels, as well as DNA degradation resulting in fewer long-
sized fragments. On the other hand, thawing of ccfDNA
eluates seems not to have affected the quality of the ma-
terial, consistent with previous observations (13).

Altogether, application of various ccfDNA extraction
methods with variable plasma and elution volumes intro-
duced considerable discrepancies regarding ccfDNA mu-
tation detection and quantity. Based on this first Dutch
national round robin trial, a silica membrane–based
method outperformed magnetic beads–based chemistry
regarding ctDNA recovery and total ccfDNA yield, in-
creasing the chance of mutant molecule detection and re-
ducing variation. To ensure accurate mutant molecule
detection and quantification at every liquid biopsy insti-
tute, critical evaluation of appropriate preanalytical condi-
tions should be pursued. It is key to consistently apply
similar extraction conditions to prevent inaccurate quan-
titative analyses, especially during disease monitoring, in-
terinstitutional studies, and interdisciplinary clinical
practices. Collaborative initiatives, such as the Dutch na-
tional COIN consortium and the European Liquid
Biopsy Society, should establish ranges for acceptable
variation regarding performance specifications that cell-
free plasma and ccfDNA extraction protocols must
meet to be considered for implementation in standardized
liquid biopsy workflows in clinical routine diagnostics.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.

Nonstandard Abbreviations: ccfDNA, circulating cell-free DNA;
ctDNA, circulating tumor DNA; DLA, diagnostic leukapheresis;
UMCG, University Medical Center Groningen; ddPCR, droplet
digital PCR; VAF, variant allelic frequency.
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