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For patients with suspected lung carcinoma, the analysis of circulating tumor DNA, obtained by liquid
biopsy, has the potential to support cancer diagnosis and guide targeted therapy. To ensure sensitive and
reproducible detection of circulating tumor DNA in routine clinical practice, a standardized (pre)
analytical workflow is required. Plasma was obtained from patients and healthy volunteers. Using the
QIAmp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany), six different procedures for the isolation of
cell-free DNA (cfDNA) were compared. cfDNA was analyzed by droplet digital PCR (ddPCR) for KRAS G12/13
mutations and for EGFR Ex19Del, L858R, and L861Q mutations using an in-house EGFR multiplex assay. A
new isolation procedure that yields extracts with significantly higher cfDNA concentrations than described
previously was selected (P< 0.001). EGFR and KRAS assay sensitivity of at least 0.2% fractional abundance
was guaranteed for approximately 76% of patient samples in one run. A flowchart that includes validity
criteria for a standardized analytical workflow of ddPCR analysis was designed. An improved protocol for
cfDNA isolation enables a higher cfDNA input for ddPCR. The use of sensitive KRAS and EGFR multiplex
assays and accompanying validity criteria allows for controlled and efficient testing of patient samples at
lower costs. Using the suggested workflow, a guaranteed, reliable, and sensitive analysis of cfDNA can be
performed using ddPCR in routine clinical practice. (J Mol Diagn 2019, 21: 895e902; https://doi.org/
10.1016/j.jmoldx.2019.05.003)
Supported by Catharina Onderzoeksfonds institutional fund grant 2017-
02 (R.d.K.) and by AstraZeneca grant AZNL201700295.

Disclosures: None declared.
Lung cancer is the leading cause of cancer-related death
worldwide. Approximately 80% of lung cancer patients are
diagnosed with nonesmall cell lung carcinoma. The ma-
jority present with late-stage disease.1 Cancer therapies are
evolving toward personalized therapies targeted at specific
molecular aberrations that drive tumor growth.2 In current
clinical practice, molecular analysis is performed on tumor
tissue biopsy samples. However, in approximately 30% of
patients with nonesmall cell lung carcinoma, a tissue bi-
opsy sample suitable for mutation analysis is unavailable
due to the location of the tumor or the condition of the
patient.2 In addition, low-quality material and incomplete
reflection of the entire genomic profile of the tumor can be
limiting. In recent years, a minimally invasive method,
liquid biopsy, has been shown to allow more patients to
benefit from targeted therapies.2 A liquid biopsy is a blood
stigative Pathology and the Association for M
sample prepared in such a way that it can be used to analyze
circulating biomarkers, such as cell-free DNA (cfDNA), of
which a fraction consists of circulating tumor DNA
(ctDNA). These short DNA fragments are present in blood
at low concentrations and may reflect the molecular aber-
rations found in tumor tissue.3 Sensitive techniques, such as
droplet digital PCR (ddPCR) and targeted next-generation
sequencing, have made it possible to detect genes and
accompanying variants of clinical importance in these
biomarkers.1,4e7

To guarantee reliable detection of ctDNA at low concen-
trations and for implementation into routine clinical practice,
olecular Pathology. Published by Elsevier Inc. All rights reserved.
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a standardized pre-analytical workflow is required. It was
shown in various studies using different analytical protocols
that the sensitivity of ctDNA analysis is highly influenced by
the different aspects of the pre-analytical workflow, such as
blood-collection tubes, storage time, centrifugation pro-
tocols, and kits.2,3,8e15 In this report, optimized pre-analytical
conditions that result in DNA extracts with relatively high
concentrations of cfDNA are established. Using this cfDNA
as input, analytical conditions were established for the
detection of KRAS (G12/G13) and tyrosine kinase
inhibitoresensitive mutations in EGFR (Ex19Del, L858R,
and L861Q) using ddPCR multiplex tests that enable sensi-
tive analysis in routine clinical practice.

Materials and Methods

Blood Sample Handling and Storage

From 68 patients with suspected lung carcinoma, whole
blood was collected in 2 � 10-mL K2EDTA (n Z 47) or
2 � 10-mL PAXgene Blood ccfDNA tubes (n Z 21) during
routine venipuncture after written informed consent was
obtained. In addition, 10 mL of blood was obtained from 20
volunteers in 10-mL K2EDTA tubes for establishing the
conditions of cfDNA isolation. The study protocol was
approved by the Medical Research Ethics Committees
United (Nieuwegein, the Netherlands).

The EDTA and PAXgene tubes were processed within 4
hours and 5 working days, respectively, by a two-step
centrifugation protocol at room temperature. The EDTA
tubes were first centrifuged for 10 minutes at 820 � g. The
PAXgene tubes were first centrifuged for 15 minutes at
1900 � g. Without disturbing the buffy coat, plasma was
aliquoted in 1.5-mL tubes and centrifuged for 10 minutes
at 16,100 � g. The supernatant plasma was transferred to
1.5-mL cryotubes and stored at �80�C.

Isolation of cfDNA

The QIAmp Circulating Nucleic Acid Kit (Qiagen, Hilden,
Germany) was used for the isolation of cfDNA. Plasma
from 20 volunteers was pooled. Each isolation method was
executed in duplicate according to the manufacturer’s
Table 1 Comparison of Various Isolation Methods

Isolation
method

Plasma
input, mL

Extraction
buffer, mL

cfDNA concentrati

Plasma, copies/mL

A 3 50 3048 (2961e3135
B 3 35 2166 (2104e2228
C 4 45 2746 (2678e2814
D 6 (2 � 3) 70 2794 (2726e2862
E 8 (2 � 4) 70 2838 (2779.5e28
F 8 (2 � 4) 90 3024 (2956e3094

*Wild-type copies are determined with the droplet digital PCR KRAS G12/13 sc
yP value is derived from the comparison between the isolation efficiency (copi
zP value is derived from the comparison between the cell-free DNA (cfDNA) inp
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protocol. For methods A to C (Table 1), one filter was used.
After extraction, the cfDNA extract was subsequently
applied to the same filter twice. For methods D to F
(Table 1), two filters were used and plasma was evenly
distributed over the filters. First, cfDNA from one filter was
extracted. Next, the cfDNA extract from the first filter was
applied to the second filter. The cfDNA extract was stored at
�80�C. The isolation method that yielded the highest
cfDNA concentration was used in this study to test plasma
samples of patients with suspected lung carcinoma
(n Z 68).
Quantification of cfDNA

cfDNAwas quantified using the QX200 Droplet Digital PCR
System (Bio-Rad Laboratories, Hercules, CA). For both the
EGFR andKRASmultiplex assays, afinal PCRmix volume of
20 mL was manually loaded into wells of a DG8 cartridge
(Bio-Rad Laboratories) with 70 mL of Droplet Generation Oil
for probes (Bio-Rad Laboratories). After droplet generation
by the QX200 Droplet Generator (Bio-Rad Laboratories), 40
mL of sample was transferred into a 96-well PCR plate and
amplified with a C1000 Touch Thermal Cycler (Bio-Rad
Laboratories), with the following thermal cycling conditions:
95�C for 10minutes, 40 cycles at 94�C for 30 seconds, then at
55�C for 1 minute (2�C/second), followed by 98�C for 10
minutes and cooling to 12�C (1�C/second). The droplets were
analyzed using the QX200 Droplet Reader (Bio-Rad Labo-
ratories), and data were analyzed using QuantaSoft software
version 1.7.4.0917 and QuantaSoft Analysis Pro software
version 1.0.596 (Bio-Rad Laboratories). Thresholds were
placed manually, and the fractions of positive and negative
droplets were used to calculate the concentration and frac-
tional abundance (FA) of target DNA sequences with their
95% Poissonebased CIs.
KRAS and EGFR Multiplex

cfDNA was quantified using the KRAS G12/G13 Screening
Multiplex Kit (Bio-Rad Laboratories) in 68 patients with
suspected lung carcinoma. Initial PCR mix volume con-
sisted of 11 mL of 2� ddPCR Supermix for Probes (no
on*

P valuey P valuezReaction, copies/mL

) 101.6 (98.7e104.5)
) 108.3 (105.2e111.4) 0.001 0.292
) 137.3 (133.9e140.7) 0.076 0.005
) 139.7 (136.3e143.1) 0.027 <0.001
95) 189.2 (185.3e193) 0.024 <0.001
) 151.2 (147.8e154.7) 0.853 0.001

reening kit (Bio-Rad Laboratories, Hercules, CA).
es/mL) of method A with respect to methods B to F.
ut (copies/mL) of method A with respect to method B to F.
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Workflow for cfDNA Analysis Using ddPCR
dUTP), 1 mL of 20� multiplex primers/probes, and 10 mL of
cfDNA extract.

A multiplex was set up for the detection of three EGFR
tyrosine kinase inhibitoresensitive mutations, Ex19Del,
L858R, and L861Q, in patients with suspected lung carcinoma
(n Z 68). Primers and probes for Ex19Del and L858R were
based on previous studies.4,16 L861Q was detected with the
L861Q ddPCR mutation detection assay (Bio-Rad Labora-
tories). Themultiplex reactionmixture consisted of 8 mL of 2�
ddPCR Supermix for Probes (no dUTP), 1 mL of L861Q
mutant (MT) detection assay, 1 mL of L861Q wild-type (WT)
detection assay, 0.2 mmol/L of L858R MT probe (50-6FAM-
AGTTTGGCCþCGCCCAAdBBQ-30), and for Ex19Del
primer, sequences were as follows: 0.5 mmol/L Ex19Del for-
ward primer (50-GAAAGTTAAAATTCCCGTCGCTAT-30),
0.5 mmol/L Ex19Del reverse primer (50-ACCCC
CACACAGCAAAGC-30), 0.5 mmol/L locked nucleic acid
WT blocker (50-GAATTAAGAGAAGCAdPH-30), and
0.2 mmol/L MT probe (50-6FAM-ACATCGAGGATTþ
TþCþCþTTGTdBBQ-30). The sensitivity of the multiplex
was tested using 10 ng of the EGFR Multiplex cfDNA
Reference Standard Set (catalog number HD825; Horizon
Discovery,Cambridge,UK). Patient sampleswere tested using
10 mL of cfDNA extract. The FAs of all three mutations were
determined with respect to the WT copies of the L861Q
variant.

Statistical Analysis

For the isolation experiment, normal distribution of data
were assumed, as the QIAmp Circulating Nucleic Acid Kit
was found to perform consistently.8,10 The t-test was used to
compare the various isolation methods (Table 1). Concen-
trations are presented as merged data (n Z 4) with 95%
Poisson-based CIs. After Bonferroni correction, P < 0.01
was considered significant.

To calculate the isolation efficiency, that is, the concen-
tration cfDNA in copies per milliliter, the following equa-
tion was used:

CZCPRðV1 � 5nÞ=ðV2Þð1=V3Þ ð1Þ

where C is the cfDNA concentration in plasma (copies/mL),
CPR is the cfDNA concentration in the reaction (copies/20
mL), V1 is the total volume cfDNA extract (mL) applied to
the filter, V2 is the volume cfDNA extract (mL) used as input
for ddPCR, and V3 is the plasma volume (mL) used for
cfDNA isolation. About 5 mL of extraction buffer was lost
per number of filters (n) during extraction (manufacturer
protocol, QIAamp Circulating Nucleic Acid Handbook, ed
3.).

The upper limit of the WT concentration range, for which
it is assumed that the samples are not contaminated with
genomic DNA, was calculated as the median WT concen-
tration plus two times the median absolute deviation of the
WT concentration. This was executed for both the EGFR
and KRAS multiplex assays to establish the validation
The Journal of Molecular Diagnostics - jmd.amjpathol.org
criteria. Analysis was performed using statistical software
package R version 3.4.3 (https://www.R-project.org).
Results

To obtain a sensitive and robust detection of KRAS and
EGFR mutations in cfDNA, a high cfDNA isolation
efficiency from plasma and especially a high cfDNA
concentration in the extract are crucial. Therefore, a cfDNA-
isolation procedure yielding the highest cfDNA concentra-
tion was developed.
Isolation of cfDNA

Six different isolation methods (A to F) (Table 1) were
compared. Isolation method A was performed as described
previously and was used as a reference method.9 To increase
the cfDNA concentration, the extraction volume was
reduced (B and C) (Table 1) or the plasma volume increased
(C to F) (Table 1).

Total cfDNA was quantified with ddPCR using the KRAS
G12/G13 Screening Multiplex Kit and the cfDNA concen-
tration extracted from 1mLplasmawas calculated (Figure 1A
and Table 1). In method A, the cfDNA concentration was
shown to be 3048 copies/mL of plasma (CI, 2961e3135).
The isolation efficiency of method B, 2166 copies/mL of
plasma (CI, 2104e2228), was significantly lower compared
with method A (P < 0.01) (Table 1). However, the isolation
efficiencies of C to F, 2746 (CI, 2678e2814), 2794 (CI,
2726e2862), 2838 (CI, 2779.5e2895), and 3024 (CI,
2956e3094) copies/mL, respectively, were not significantly
different compared with that of method A (all, P > 0.01)
(Table 1).

Even more important than the isolation efficiency is the
cfDNA concentration in the extract, as this is used as input
for analysis. The concentration of cfDNA in the extract
using method A was 101.6 copies/mL (CI, 98.7e104.5)
(Figure 1B and Table 1). No significant difference was
found with method B, which had a concentration of 108.3
copies/mL (CI, 105.2e111.4). However, the concentrations
of cfDNA in the extracts obtained by methods C, D, E, and
F, 137.3 (CI, 133.9e140.7), 139.7 (CI, 136.3e143.1), 189.2
(CI, 185.3e193), and 151.2 (CI, 147.8e154.7) copies/mL,
respectively, were all significantly higher compared with
those of methods A and B (all, P < 0.01). In addition, the
cfDNA concentration obtained by method E was almost
twofold higher than that of method A and was significantly
higher compared with those of all other methods (all,
P � 0.002).

Isolation method E was further compared with method A,
using a KRAS G12/G13epositive and an EGFR
Ex19delepositive plasma sample (Figure 1, C and D, and
Table 2). Again, in both samples, a clear increase in WT
cfDNA concentration was observed when using method E
(Figure 1, C and D, and Table 2). For KRAS, the MT cfDNA
897
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Figure 1 Isolation of cell-free DNA (cfDNA). A and B: Isolation efficiency (copies/mL of plasma; A) and cfDNA concentration (B) in the extract (copies/mL
of extract) are presented. Six different isolation methods were compared using the QIAmp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany). Various
isolation methods are presented in Table 1. Plasma of healthy volunteers was used. The isolation was done in duplicate and tested twice. The concentration of
KRAS wild-type copies tested with the KRAS G12/G13 Screening Multiplex Kit (Bio-Rad Laboratories, Hercules, CA) is shown. C and D: Wild-type (C) and mutant
(D) cfDNA concentrations in the extract from one patient positive for KRAS G12/G13 (gray bars) and one patient positive for EGFR Ex19Del (black bars) were
determined for both isolation methods A and E. The error bars represent the Poisson-based CIs. n Z 4 (A and B); n Z 2 (C and D). **P < 0.01 and
***P � 0.001 versus method A.

de Kock et al
concentration was increased from 2.9 copies/mL (CI,
2.3e3.6) to 4.7 copies/mL (CI, 3.9e5.5), and for EGFR, the
MT cfDNA concentration increased from 4.1 copies/mL (CI,
3.3e5.1) to 7 copies/mL (CI, 5.9e8.1), when using isolation
method E. In addition, for both isolation methods A and E, a
comparable FA was determined (Table 2), indicating that,
using method E, results in an equally increased cfDNA
extract concentration for both WT and MT.

Validation Criteria KRAS Assay

In 68 patients with suspected lung carcinoma, the con-
centrations of KRAS WT templates were determined by
ddPCR (Figure 2). Based on a reported assay sensitivity of
the KRAS kit of 0.2% FA and the Rule of Three (manu-
facturer protocol, Droplet Digital PCR Applications Guide
Bulletin 6407 Ver. B), which can be used to estimate the
theoretical limit of detection of a test, one needs to detect
at least 3 MT copies in 1500 WT copies to reach 95%
Table 2 Pilot Study: Isolation Methods for KRAS/EGFR-Positive Patien

Patient
sample

Isolation
method

Mutant cfDNA
concentration, reaction,
copies/mL

KRAS A 2.9 (2.3e3.6)
E 4.7 (3.9e5.5)

EGFR A 4.1 (3.3e5.1)
E 7 (5.9e8.1)

The patient samples were tested in duplicate and the data were merged. The r
cfDNA, cell-free DNA.
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confidence that a sample is considered positive with a
guaranteed sensitivity of 0.2% FA. Using isolation method
E, in 76% of the DNA extracts, at least 1500 WT copies
per reaction were detected after testing once. For the
samples with <1500 WT copies per reaction (24%), a
second ddPCR was performed, and the data from both runs
were merged. Using this approach, in all DNA extracts,
�1500 WT copies were detectable. Next, these samples
were used to determine the upper level of the KRAS WT
DNA concentration (Figure 2), for which it is assumed that
the isolated DNA originates from cell-free plasma and is
not contaminated with genomic DNA from leukocytes that
could influence the calculation of the FA. It was found that
the median KRAS WT concentration is 2490 copies per
reaction volume, with a median absolute deviation of
1090, resulting in an upper KRAS WT concentration of
4670 WT copies per reaction volume. Together, to ensure
a limit of detection of at least 0.20% FA and a reliable
calculation of the FA, at least 1500 and a maximum of
ts

Wild-type cfDNA
concentration, reaction,
copies/mL

Fractional
abundance, %

914 (900e929) 0.32 (0.24e0.39)
1419 (1400e1439) 0.33 (0.27e0.39)
739 (725e753) 0.56 (0.44e0.68)
1414 (1392e1436) 0.50 (0.42e0.57)

esults are presented with their Poisson-based confidence intervals.
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Figure 2 Distribution of the wild-type KRAS
and EGFR concentrations in patients with sus-
pected lung carcinoma, tested with the KRAS G12/
G13 Screening Multiplex Kit (Bio-Rad Laboratories,
Hercules, CA) and the in-house EGFR multiplex
assay. n Z 68.

Workflow for cfDNA Analysis Using ddPCR
5000 KRAS WT copies per reaction need to be detected.
Using the proposed criteria, the patient samples shown in
Figure 3A were called positive for a KRAS G12/G13
mutation.

EGFR Multiplex

A multiplex was set up for the detection of three EGFR
tyrosine kinase inhibitoresensitive mutations: Ex19Del,
L858R, and L861Q (Figure 3B). The multiplex was
Figure 3 Two-dimensional scatterplots obtained with droplet digital PCR. A: T
house EGFR multiplex tested on 5% EGFR Multiplex cfDNA reference standard with 1
the EGFR L861Q, L858R, or Ex19Del mutation.

The Journal of Molecular Diagnostics - jmd.amjpathol.org
compared with the simplex assay of each individual mutation
to identify the clusters and to test the analytical sensitivity of
the assay. In the MT quadrant of the multiplex, three distinct
clusters appeared; the upper left cluster represents L861Q, the
upper right cluster represents L858R, and the lower cluster
represents Ex19Del. The multiplex assay was tested with the
horizon reference set (nZ 2) and it was found that the assay is
sensitive up to a FA of at least 0.25% for eachmutation, which
is in the same order of magnitude as the individual simplex
assays (Table 3).
wo KRAS G12/G13epositive patients with suspected lung carcinoma. B: In-
0-ng input (Horizon Discovery, Cambridge, UK) and three patients harboring

899
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Table 3 Sensitivity of the EGFR Multiplex

Reference sample, FA % Assay WT conc., copies/mL MT conc., copies/mL FA, % CI max, % CI min, %

5 Multiplex total 81 14.6 15.3 16.8 13.7
Multiplex L861Q 82.78 4.06 4.67 5.65 3.69
Simplex L861Q 97 4.8 4.7 5.8 3.6
Multiplex L858R 82.78 5.36 6.08 7.18 4.99
Simplex L858R 93 4.3 4.4 5.5 3.4
Multiplex Ex19Del 82.78 4.11 4.73 5.71 3.74
Simplex Ex19Del 93 4.7 4.8 5.9 3.6

1 Multiplex total 86.9 2.7 3 3.7 2.3
Multiplex L861Q 88.11 0.87 0.98 1.40 0.56
Simplex L861Q 80 0.9 1.2 1.8 0.5
Multiplex L858R 88.11 0.91 1.03 1.46 0.6
Simplex L858R 79.1 1.5 1.9 2.7 1
Multiplex Ex19Del 88.11 1.04 1.16 1.62 0.71
Simplex Ex19Del 73.8 0.58 0.8 1.3 0.2

0.25 Multiplex total 108.2 0.92 0.84 1.18 0.5
Multiplex L861Q 107.8 0.38 0.35 0.58 0.12
Simplex L861Q 97 0.23 0.23 0.42 0.04
Multiplex L858R 107.8 0.29 0.27 0.48 0.07
Simplex L858R 87.6 0.21 0.24 0.43 0.04
Multiplex Ex19Del 107.8 0.29 0.27 0.48 0.07
Simplex Ex19Del 97.4 0.27 0.27 0.48 0.07

0.1 Multiplex total 97.6 0.19 0.2 0.38 0.02
Multiplex L861Q 97.42 0.04 0.09 0.22
Simplex L861Q 99.9 0.08 0.08 0.21
Multiplex L858R 97.42 0.04 0.04 0.15
Simplex L858R 80.7 0.069
Multiplex Ex19Del 97.42 0.08 0.04 0.15
Simplex Ex19Del 98.2 0.11 0.11 0.24

0 Multiplex total 95
Multiplex L861Q 95.48
Simplex L861Q 98
Multiplex L858R 95.48
Simplex L858R 99
Multiplex Ex19Del 95.48
Simplex Ex19Del 95

CI, Poisson-based confidence interval; conc., concentration; FA, fractional abundance; MT, mutant; WT, wild-type.

de Kock et al
No discrepancy was found between the EGFR multiplex
and each corresponding simplex tested on three EGFR-
positive patients (Figure 3B and Table 4). The MT con-
centration and FA of each variant were comparable in the
simplex and multiplex, suggesting that no assay sensitivity
is lost when using the multiplex for screening patients with
suspected lung carcinoma.

Figure 2 shows the distribution of the L861Q WT con-
centrations determined with the EGFR multiplex in 68
Table 4 Comparison of the EGFR Multiplex and Simplex Tested on Pat

Variant Assay WT conc., copies/mL MT con

L861Q Simplex 166 0.43
Multiplex 181 0.45

L858R Simplex 75.8 2
Multiplex 109 2.4

Ex19Del Simplex 100 6.8
Multiplex 101 7.2

CI, Poisson-based confidence interval; conc., concentration; FA, fractional abu

900
patient samples. As for the KRAS assay, the EGFR multi-
plex needs to detect at least 1500 L861Q WT copies per
reaction to ensure an assay sensitivity of 0.20% FA. By
using isolation method E, in 90% of the samples, �1500
L861Q WT copies per reaction were detected in one run.
The remaining samples were retested and the data from both
runs were merged, so that in all patient samples, �1500
L861Q WT copies were detected. The median L861Q WT
concentration was 3500 copies per reaction, with a median
ient Samples

c., copies/mL FA, % CI max, % CI min, %

0.26 0.42 0.09
0.25 0.46 0.04
2.6 3.5 1.7
2.1 3.1 1.2
6.4 7.8 5.1
6.6 8 5.2

ndance; MT, mutant; WT, wild-type.
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Figure 4 Flowchart of the droplet digital PCR (ddPCR) test criteria. DP, double positive; FA, fractional abundance; MT, mutant; WT, wild-type.

Workflow for cfDNA Analysis Using ddPCR
absolute deviation of 1740 copies per reaction, resulting in
an upper L861Q WT concentration of 6980 copies per re-
action for which it is assumed that the isolated DNA orig-
inates from cell-free plasma. Together, to ensure a limit of
detection of at least 0.20% FA and a reliable calculation of
the FA, at least 1500 and a maximum of 7000 L861Q WT
copies per reaction need to be detected.

Discussion

By using large plasma input volume and minimizing the
extraction volume, an isolation method was developed,
leading to a significantly increased cfDNA extract
concentration.

The obtained cfDNA extract enables reliable detection of
0.2% MT ctDNA from just one single ddPCR run for at least
76% of the patient samples tested for both KRAS and EGFR
mutations. For the remaining samples, a second ddPCR run is
needed to ensure an assay sensitivity of at least 0.20%.

In this study, both K2EDTA and PAXgene Blood
ccfDNA tubes were used for blood collection. It would be
cost-effective to use K2EDTA tubes in the clinical setting if
the tubes can be processed within 4 hours. However, in real-
world clinical testing it would be more realistic to allow a
timeframe of 24 hours and therefore PAXgene Blood
ccfDNA tubes are preferred.

Although the isolation procedure used in this study is
performed manually, the complexity is low, hands-on time
The Journal of Molecular Diagnostics - jmd.amjpathol.org
is limited, and it is possible to process up to 12 samples in
parallel. The QIAsymphony (Qiagen) and MagnaPure
(Roche Diagnostics, Basel, Switzerland) are well-known
systems for automated isolation of (cell-free) DNA. How-
ever, the manual QIAmp Circulating Nucleic Acid Kit is
still the preferred method for isolating cfDNA from
plasma.3,8 It would be of interest to adapt the isolation
protocols of the automated systems according to the proto-
col presented in this study. In this way, the pre-analytical
workflow might be optimized further, that is, with less
hands-on time and a higher sample throughput, making the
workflow more efficient.

An EGFR multiplex assay, which allows for the detection
of three EGFR tyrosine kinase inhibitoresensitive muta-
tions, Ex19Del, L858R, and L861Q, in one single reaction
was set up. To the best of our knowledge, no study
describing simultaneous detection of these three mutations
by ddPCR in one reaction has been published. By deter-
mining the upper limits of the WT concentrations in both the
EGFR multiplex and KRAS assays, for which it is assumed
that DNA is retrieved solely from cell-free plasma and is not
contaminated with genomic DNA, a WT concentration
window is defined for which a reliable FA can be calculated.
This enables controlled monitoring of therapy.

By using multiplex assays for the detection of EGFR and
KRAS mutations, the numbers of reactions and controls are
drastically reduced, resulting in lower costs and less hands-
on time. In addition, scarce volumes of cfDNA extract can
901
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be saved for other analyses, like targeted next-generation
sequencing.

A standardized workflow for ctDNA analysis, including
validity criteria, is depicted in Figure 4. Applying this
flowchart in routine analysis leads to reliable and repro-
ducible interpretation of ddPCR results. For a reliable
calculation of the cfDNA concentration, at least 12,000
accepted droplets are needed (Droplet Digital PCR Appli-
cations Guide Bulletin 6407 Ver. B). If this is not accom-
plished, the ddPCR run should be repeated. To reach a 0.2%
FA assay sensitivity, the number of WT copies should be
�1500. If less WT copies are detected, an additional ddPCR
run should be performed and the data from both runs should
be merged, so that �1500 WT copies are detected. If >5000
KRAS or 7000 EGFR WT copies are detected in a single
reaction, it is assumed that the cfDNA extract is contami-
nated with genomic DNA. Due to the partitioning of DNA
templates in droplets, it is unlikely that MT ctDNA will be
missed, but because of the high WT background, the
calculated FA might be underestimated.

If�3MT droplets (including double positive) are detected,
a patient sample is considered positive for mutated ctDNA
with 95% confidence (Droplet Digital PCR Applications
Guide Bulletin 6407 Ver. B). If 1 to 2 MT droplets (including
double positive) are detected, the sample should be retested to
prevent false-negative results. If in the second run <3 MT
droplets (including double positive) are detected, the patient
sample is considered negative for mutated ctDNA with 95%
confidence. If in the second run �3 MT droplets (including
double positive) are detected, the patient sample is called
positive with 95% confidence, and the data from both runs
should be merged for the calculation of the FA.

Conclusions

In summary, this study presents cfDNA-extraction conditions
that lead to higher cfDNA concentrations than previously re-
ported.9 The presented isolation method, together with the
commercially available KRAS assay (Bio-Rad Laboratories)
and the in-house developed EGFR multiplex, allows for the
testing of patient samples with an ensured sensitivity of at least
0.20% for seven KRASmutations (G12/G13) and three EGFR
mutations (Ex19Del, L858R, L861Q), with only 10 mL of
cfDNA extract per reaction needed. The presented analytical
conditions, for example, the minimum and maximum number
of WT copies, support the validity criteria of cfDNA analysis
using ddPCR. The flowchart facilitates introduction into
routine clinical practice and helps to ensure comparable results
among different laboratories.
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