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A B S T R A C T

Objectives: The capacity of QuantStudio™ 3D (QS3D) and droplet digital PCR (dPCR) for the detection of plasma
Epidermal Growth Factor Receptor (EGFR) mutations have been widely reported. Few comparative studies on the
quantitative test of the identical DNA material, however, are carried out. Here we compared the performance of
the two methods in detecting EGFR T790M mutation in cell-free DNA (cfDNA) from the same lung cancer patients.
Methods: We recruited 72 non-small cell lung cancer (NSCLC) patients who initially respond to tyrosine kinase
inhibitor treatment but subsequently developed resistance. Two tubes of 10mL anticoagulant blood were collected
and cfDNA was isolated from plasma. Identical cfDNA samples were analyzed for T790M mutation using QS3D
and droplet dPCR in parallel.
Results: T790M mutation was detected in 15 and 21 cfDNA samples by QS3D and droplet digital PCR, respectively.
The 6 discordant samples showed low mutation abundance (~0.1%) and the discrepancy is caused by the stricter
threshold settings for QS3D dPCR. The overall agreement between the two methods was 91.7% (66/72). The
median allele frequencies for QS3D dPCR and droplet dPCR to detect T790M mutation was 2.01% and 2.62%,
respectively. There was no significance in mutation abundance detected by both methods. Both methods are
highly correlated with allele frequencies and copy numbers in T790M wild type and mutant, with R2 of 0.98, 0.92
and 0.95, respectively.
Conclusion: Our study demonstrated that QS3D dPCR are highly consistent with droplet PCR for quantitative
determination of EGFR T790M mutation in plasma cfDNA.
1. Introduction

Molecular targeted therapy has played a pivotal role in the manage-
ment of non-small cell lung cancer (NSCLC), which account for 85% of
lung cancer patients. Genetic testing is critical for confirming the
appropriate targeted therapy in NSCLC patients. Those who harbored
sensitive Epidermal Growth Factor Receptor (EGFR) mutations benefit
from first and/or second-generation EGFR-TKIs. These tumors will
finally, however, resistant to EGFR-TKIs through several mechanisms,
such as the acquisition of secondary resistance mutations, activation of
alternative pathways, aberrance of the downstream pathways and his-
tologic transition [1]. The most common resistance mutation, T790M,
accounts for nearly 50% of the group with acquired resistance. Several
work and share first authorship.
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studies reported that pretreatment EGFR T790M mutations were detec-
ted in TKI-naïve NSCLC patients [2, 3]. Moreover, T790M mutation
abundance was shown to correlate with the efficacy of the TKI and
prognosis [4, 5]. Therefore, determination of the presence and mutation
abundance of T790M is valuable in the clinical setting.

Recent studies have demonstrated plasma cell-free DNA (cfDNA) as a
biomarker to identify patients with tumors harboring specific mutations.
Moreover, cfDNA shows advantages as it is a minimally invasive
approach and minimizes patient exposure to invasive procedures such as
tissue biopsy. The traditional gold-standard for T790M detection is q-
PCR, which is suitable for tissue gDNA assay with mutation abundance
greater than 1%. However, for the analysis of plasma samples, detection
goes more difficult due to the lower amounts and lower quality of cfDNA
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Table 1. Patient characteristics (n ¼ 72).

Characteristic Number (%)

Age, years

Median 62

Range 33–87

Sex

Male 29 (40.3%)

Female 43 (59.7%)

Histology

Adenocarcinoma 72 (100%)

Original EGFR mutation

Exon 19 deletion 36 (50%)

L858R 27 (37.5%)

Other uncommon active mutations 9 (12.5%)

Stage

III 6 (8.3%)

IV 63 (87.5%

Unkown 3 (4.2%)

Prior EGFR TKI(s)

Gefitinib 15 (20.8%)

Icotinib 53 (73.6%)

Other TKIs 4 (5.6%)

PFS times, months

Median 12

Range 2–40
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extracted from plasma. Therefore, establishing methodologies for accu-
rate evaluation of low-frequency mutations in small amounts of cfDNA is
critical.

In the past few years, digital PCR (dPCR) technologies have proven to
be an ultra-sensitive technology to detect rare mutations with the capa-
bility of absolute quantification. Two representative dPCR platforms
including the QuantStudio™ 3D (QS3D) dPCR from Thermo Fisher and
QX200 droplet dPCR from Bio-Rad. The two platforms are similar in
partition volume (about 0.8 nL) and partition number (approximately
20,000), but different in the partitioning strategies.

Early studies demonstrated that both platforms were able to suc-
cessfully detect EGFR mutations in cfDNA samples [6, 7]. However, no
prospective data have been available for directly comparing the absolute
quantitative results of the T790M mutation in identical cfDNA samples
between QS3D and droplet dPCR system. In this study, we compared the
ability of the two platforms to detect T790M mutation in plasma cfDNA
from NSCLC patients with drug resistance to identify the more appro-
priate quantification technology for the similar clinical setting.

2. Material and methods

2.1. Patients

From August 2018 to November 2019, a total of 89 NSCLC patients
with sensitive EGFR mutations, such as exon 19 deletion, L858R, G719X
and L861Q, were enrolled in our study cohort. All participants received
EGFR-TKI treatment and eventually acquired drug resistance. Clinical
information including histological subtype, primary mutation type, tar-
geted drugs, and progression free survival (PFS) were recorded. Disease
progression status was confirmed by clinicians according to the Response
Evaluation Criteria in Solid Tumors (RECIST 1.1) [8]. This study was
supported by the Institutional Review Board (LS1821) at Shanghai chest
hospital. Each subjects has signed informed consent before research.

2.2. Sample preparation

Blood samples were collected into two 10-mL PAXgene Blood ccfDNA
Tubes (Qiagen, Hilden, Germany) at the time of disease progression.
Blood samples were processed within 5 days by two sequential steps of
centrifugation: first centrifuge at 1600 g for 10 min to remove blood cells
and then 16,000g for 10 min to remove additional cellular debris. Plasma
cfDNA was extracted with the QIAamp Circulating Nucleic Acid Kit
(Qiagen) according to the manufacturer's instructions. The concentra-
tions of cfDNA were quantified by a Qubit 3.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA).

2.3. T790M detection by the two digital PCR platforms

The optical input amount of starting material for dPCR is 20–80 ng
[9]. In our study, if the extracted cfDNA concentration is too high or too
low, dilution or concentration will be performed to obtain proper con-
centration. Then 6.53μL cfDNA was input for both of QS3D dPCR and
droplet dPCR analysis. The experiments and mutation calling were per-
formed as described previously [7, 9]. In brief, the workflow of dPCR
included reaction mixture preparation, generation of partitioning units,
thermal cycling and mutation calling. For QS3D digital PCR system, we
prepared 14.5 μL of reaction mixture with 6.53 μL cfDNA, 0.72 μL of the
EGFR T790M mutation detection assay containing PCR primers and
Taqman probes, and 7.25 μL QS3D Digital PCR Master Mix. The auto-
matic chip loader was used to load reaction mixture to a QS3D Digital
PCR 20 K Chip. Thermo-cycling were performed following specific
amplification conditions: 96 �C pre-denaturation for 10 min; 60 �C for 2
min, 98 �C for 30 s, 60 �C for 2min, 39 cycles; 60 �C for 2min. Finally, the
chip was taken out and equilibrated to room temperature. Data were
processed using a Biochip Reader (Quest genomics, Nanjing, China) [9].
The threshold of positivity for QS3D dPCR was defined as >0.1% AF of
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the variant with a minimum of five FAM dye-positive wells. For droplet
digital PCR system, the reaction mixture was prepared by mixing 10μL
Supermix for probes (No dUTP), 2 μL ddPCR™ probe assay Kit (Bio-Rad
Laboratories, specific for T790M), 6.53 μL of template DNA and 1.47 μL
double-distilled water in a total volume of 20 μL. QX200 droplet gener-
ator was used to generate droplets, which was transferred to a 96-well
clear reaction plates for amplification on a T100 Thermal Cycler (Bio--
Rad Laboratories). Thermal cycling profile is: 10 min at 95 �C, followed
by 40 cycles of: 94 �C for 30 s, 70 �C for 1 min. These cycles were fol-
lowed by 98 �C for 10 min and then 4 �C hold. After amplification, PCR
products were loaded into the QX200 droplet reader and data was
analyzed by Quanta Software (Bio-Rad Laboratories) [7]. AF of >0.1%
and a minimum of two FAM dye-positive counts were the threshold for
reliable detection of a mutation.

2.4. Statistical analysis

The results of the two methods were compared using independent
sample t-test. Concordance rates between the different detection plat-
forms were calculated by Cohen's kappa. To investigate the association
between the two methods, we used Pearson correlation analysis. P value
less than 0.05 (2-sided) was considered to have statistical significance.
Prism 8.3.0 (GraphPad Software, USA) or SPSS 24.0 software (IBM
Corporation, USA) were used to perform all analyses.

3. Results

3.1. Patient characteristics

A total of 89 patients with advanced NSCLC and sensitive EGFR
mutations who achieved resistance to TKIs were enrolled in this study.
Among the 89 patients, 17 patients were excluded because of insufficient
cfDNA yield, resulting in 72 participants eligible for the study. The pa-
tient demographics are listed in Table 1. Among the total patient group,
36 (50%) participants harbored an exon 19 deletion, 27 (37.5%) pre-
sented the L858R mutation, and 9 (12.5%) had other uncommon sensi-
tive EGFR mutations in tumor samples. As initial treatment, 15 (20.8%)



Table 2. Results of T790M mutation detection by QS3D and droplet dPCR.

droplet dPCR

QS3D dPCR Positive Negative Kappa P value

Positive 15 0 0.78 <0.0001

Negative 6 51
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patients received gefitinib, 53 (73.6%) patients received icotinib, and 4
(5.6%) patients received other EGFR-TKIs (erlotinib, afatinib or an in-
development EGFR-TKI). The median progression-free survival (PFS)
times was 12 months (range, 2–40 months).
3.2. Initial qualitative assessment

Cell-free DNA were extracted from 72 plasma samples and undergone
the two dPCR assay with the equivalent amount. The mean input amount
of cfDNA per sample was 52.32 ng (range: 7.25–156.72 ng). The T790M
mutation was detected in 15 and 21out of 72 cfDNA samples by QS3D
and droplet dPCR, respectively (Table 2, Figure 1B). The overall agree-
ment for T790M testing results was 91.7% (66/72, Figure 1A), with a
high degree of consistency between QS3D and droplet dPCR (kappa ¼
0.78, p < 0.0001, Table 2). Specifically, 15 plasma cfDNA samples were
found to be positive and 51 samples were found to be negative by both
platforms (Table 1). The positive concordance rate was 71.4% (15/21)
and the negative concordance rate was 89.5% (51/57). Six samples were
positive by droplet dPCR but negative by QS3D dPCR, whereas no sam-
ples were found to be positive by QS3D dPCR but negative by droplet
dPCR(Figure 1A).
3.3. Quantitative analysis comparison

We next compared the AFs of the T790M mutation detected by QS3D
and droplet dPCR. The median AFs of the T790M mutations detected by
Figure 1. Initial qualitative comparison of T790M detection results between QS3D
assessed the EGFR T790M mutation status by the two methods, respectively. (A) The t
detection. The light yellow column represents the number of samples with consistent r
results. (B) Heatmap representing the primary sensitive EGFR mutation, EGFR-TKIs
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QS3D dPCR was 2.01%, with a range from 0.13% to 9.64%. Similar re-
sults were observed in droplet dPCR, with a median AF of 2.62% and
range from 0.08% to 10.6% (p ¼ 0.7765, Figure 2A). Further analysis
revealed a strong correlation of mutation abundance (AFs), copy
numbers of wild type and mutant of T790M between the QS3D dPCR
assay and the droplet dPCR assay (R2 ¼ 0.98, 0.92 and 0.95 respectively)
(Figure 2B–D).
3.4. Analysis of discordant samples

Six plasma samples were scored negative by QS3D dPCR but positive
by droplet dPCR, and the samples were found to contain low T790M
abundance (Table 3). The AF values detected using droplet dPCR in the
discordant samples were close to 0.10%. Despite being below the positive
threshold, the T790M mutation abundance detected by QS3D dPCR still
showed a good correlation with that by droplet dPCR (Figure 2B and D).
This result revealed that the discrepancy is probably because of stricter
threshold settings for QS3D dPCR.

4. Discussion

The past decade has seen the prosperity of precision medicine, lead-
ing to the expansion of dPCR technologies in the molecular diagnostic
industry. Compared with conventional real-time PCR, dPCR is superior in
its extreme sensitivity, unprecedented quantification capability and
tolerance to PCR inhibitors. Today, the applications surrounding dPCR
are mounting, and in oncology, dPCR is widely used for quantification
and tracking of tumor-specific mutations during the course of cancer
treatments [10, 11]. Here, we conducted a comparison study of two dPCR
platforms, QS3D dPCR and droplet dPCR, to determine their clinical
ability to monitor variants in cfDNA at disease progression status using
EGFR T790M mutation as an example. Previous studies have demon-
strated that the two digital PCR platforms are of comparable effectiveness
in quantifying genome DNA and virus DNA [12, 13, 14], the similar
dPCR and droplet dPCR. The cfDNA extracted from 72 plasma samples were
wo platform shouwed high overall, positive and negative concordance of T790M
esults, and the white column represents the number of samples with inconsistent
type, PFS times and T790M results test by QS3D and droplet dPCR.



Figure 2. The quantitative comparison analysis of T790M detection in cfDNA. Quantification of the cfDNA derived from clinical samples by QS3D dPCR was
compared with the droplet dPCR. (A) The median allele frequency detected by QS3D dPCR was 2.01% and while the median allele frequency for droplet dPCR was
2.62%. The solid line represents the median and quartiles. The linear relationship for quantification of (B) T790M mutation allele frequencies, (C) T790M wild type,
and (D) T790M mutant between the QS3D and droplet dPCR was demonstrated by the scatter plots. Each data point represents detection value derived from one cfDNA
samples. Correlation coeffiencies were 0.98, 0.92, 0.95 for allele frequencies, wild type copy numbers and mutant copy numbers, respectively. Abbreviations, AF, allele
frequency; WT, wild type; MU, mutant.

Table 3. Samples with different T790M mutation results in the two dPCR assays.

Sample ID QS3D dPCR droplet dPCR

09004 Neg (0.05%a, 1/1886b) Pos (0.32%, 4/1118)

09036 Neg (0.11%, 4/3628) Pos (0.23%, 4/2473)

09048 Neg (0.03%, 3/8796) Pos (0.08%, 3/6731)

09066 Neg (0.02%, 1/3657) Pos (0.11%, 2/2540)

09067 Neg (0.11%, 3/2796) Pos (0.12%, 2/2300)

09089 Neg (0.11%, 4/3606) Pos (0.28%, 5/2981)

a Allele frequency.
b FAM þ counts/VIC þ counts.
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results were also observed in our plasma cfDNA assay. The overall con-
sistency for T790M mutation detection is 91.7% between the two digital
PCR platforms (kappa ¼ 0.78, p < 0.0001). However, due to the limited
case numbers in our study, further prospective study should be conducted
to confirm our conclusion.

In further analysis, we found that the six discordant samples all
showed positive FAM fluorescence signals, which are very close to the
positive threshold of QS3D dPCR. These results indicate that the stricter
threshold setting is likely to contribute to the lower detection rate of
QS3D dPCR.

Previous studies have reported that approximately 50% of patients
treated with EGFR-TKIs harbor T790M mutation at disease progression
[15, 16, 17]. However, the detection rate of T790M in our study was less
4

than 30%. A real-world study based on 525 Asian NSCLC patients showed
that T790M was detected in 37.1% and 28.8% patients in the first tissue
biopsy and liquid biopsy, respectively [18], which is consistent with our
data. These results indicate that repeat testing in cfDNA is useful in
detecting low frequency mutations [18].

We further confirmed that a similar AFs were acquired by both
platforms. Furthermore, a strong correlation of AFs and absolute copy
numbers for WT and Mu were demonstrated between the QS3D and
droplet dPCR assay for T790M detection from cfDNA. These results
indicated the high resilience of different dPCR platforms. The little
discrepancy of mutation abundance between the two methods might be
because of subsampling errors and repeated tests could improve the ac-
curacy of quantification.

This study had several limitations. First, the detection results of
T790M from our plasma samples could not be confirmed by tissue biopsy
or other reliable commercial platforms limited by the Low yields of
extracted cfDNA from plasma samples. However, both the QS3D and
droplet dPCR platforms have shown perfect performance in the detection
of plasma T790M mutations [2, 7, 9, 19, 20]. We were also unable to
track and evaluate the effect of osimertinib in T790M positive partici-
pants, especially in six discordant cases. Only three of the six patients
treated with osimertinib, and all of them habored unsatisfactory effects
and very short PFS. Some studies suggested that the abundance of EGFR
mutation predicts benefit from TKI treatment for advanced NSCLC pa-
tients [5, 21]. Indeed, the mutation abundance of T790M is represented
in a relatively low AF in the six discordant samples with AF near around
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0.10%, which is consistent with the above conclusions. In real-world
clinical settings, such patients should be encouraged to undertake the
repeat test and to keep track the T790M status to determine Whether the
individual is suitable for targeted therapy.

In conclusion, our data support that both QS3D and droplet dPCRmay
offer absolute quantification with highly accurate evaluation of T790M
mutation abundance. Digital PCR may serve as a powerful tool to meet
the ever more stringent demand for accuracy and provide precise results
in liquid biopsy.
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