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AbstrAct
Introduction This study assessed KRAS mutation 
detection and functional characteristics across 13 distinct 
technologies and assays available in clinical practice, in a 
blinded manner.
Methods Five distinct KRAS-mutant cell lines were 
used to study five clinically relevant KRAS mutations: 
p.G12C, p.G12D, p.G12V, p.G13D and p.Q61H. 50 cell 
line admixtures with low (50 and 100) mutant KRAS 
allele copies at 20%, 10%, 5%, 1% and 0.5% frequency 
were processed using quantitative PCR (qPCR) (n=3), 
matrix-assisted laser desorption/ionisation time-of-flight 
mass spectrometry (MALDI-TOF) (n=2), next-generation 
sequencing (NGS) (n=6), digital PCR (n=1) and Sanger 
capillary sequencing (n=1) assays. Important performance 
differences were revealed, particularly assay sensitivity 
and turnaround time.
Results Overall 406/728 data points across all 13 
technologies were identified correctly. Successful 
genotyping of admixtures ranged from 0% (Sanger 
sequencing) to 100% (NGS). 5/6 NGS platforms reported 
similar allelic frequency for each sample. One NGS assay 
detected mutations down to a frequency of 0.5% and 
correctly identified all 56 samples (Oncomine Focus Assay, 
Thermo Fisher Scientific). One qPCR (Idylla, Biocartis) and 
MALDI-TOF (UltraSEEK, Agena Bioscience) assay identified 
96% (all 100 copies and 23/25 at 50 copies input) and 
92% (23/25 at 100 copies and 23/25 at 50 copies input) 
of samples, respectively. The digital PCR assay (KRAS 
PrimePCR ddPCR, Bio-Rad Laboratories) identified 60% 
(100 copies) and 52% (50 copies) of samples correctly. 
Turnaround time from sample to results ranged from 
~2 hours (Idylla CE-IVD) to 2 days (TruSight Tumor 15 and 
Sentosa CE-IVD), to 2 weeks for certain NGS assays; the 
level of required expertise ranged from minimal (Idylla CE-
IVD) to high for some technologies.
Discussion This comprehensive parallel assessment used 
high molecular weight cell line DNA as a model system to 
address key questions for a laboratory when implementing 
routine KRAS testing. As most of the technologies are 
available for additional molecular biomarkers, this study 
may be informative for other applications.

IntRoDuCtIon
Lung cancer is the most prevalent of all 
cancers, resulting in 1.38 million deaths every 
year,1 with over 80% being non-small cell lung 

Click here and here to see the linked articles

Key questions

What is already known about this subject?
Diagnostic testing for biomarkers such as EGFR 
mutations is a well-established method of informing 
optimal treatment decisions for patients with non-
small cell lung cancer (NSCLC). Testing for some 
other biomarkers in NSCLC, such as KRAS, is less 
well established, however is commonly employed to  
detect KRAS mutations in colorectal cancer. 
Therefore there exist many KRAS mutation detection 
methods that could aid clinical practice in the NSCLC  
setting.

What does this study add?
Due to the increase in the numbers of clinical trials 
focusing on patients with mutant NSCLC, there is 
a particular need to evaluate the testing options 
available. The aim of this study was to assess different 
diagnostic methods on how accurately they can 
identify KRAS mutations in samples characteristic of 
those used in the clinic.

How might this impact on clinical practice?
The results of this study aim to assist in the 
selection of the most appropriate technology for 
KRAS mutation detection, with special consideration 
for those tissues with low copy numbers and 
small sample sizes. It also elaborates on the 
shortcomings of each technology, allowing for a 
more informed clinical decision regarding which 
tests are most appropriate in which situations. 
Lastly, most technologies used for the detection 
of KRAS mutations can also be used for other 
biomarkers; thus, the results of this study are 
potentially applicable to other solid tumours where it 
is necessary to determine mutation status.
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cancer (NSCLC).2 3 Significant improvements in NSCLC 
treatment have been made with targeted tyrosine kinase 
inhibitors (TKIs), specifically those that target tumours 
with an EGFR mutation, including the EGFR T790M muta-
tion, or ALK rearrangement.4–8 Patients needing access 
to these drugs must have a diagnostic test performed in 
order to ensure the correct drug is prescribed.

The recent approval of the T790M-directed EGFR-TKI, 
osimertinib,8 and the development of the MEK1/2 
inhibitors, selumetinib (AZD6244, ARRY-142886),9 
cobimetinib, trametinib and binimetinib, may further 
increase the demand for molecular characterisation of 
DNA derived from tumour tissue in patients with lung 
cancer.7 10 KRAS testing is commonly used to guide 
colorectal cancer (CRC) treatment; hence, there are a 
number of KRAS assays for testing laboratories to aid clin-
ical practice; however, there is still a need for standardisa-
tion of testing methods, and uptake of optimal methods 
for routine diagnostics in NSCLC remains a challenge.11

Sanger capillary sequencing has long been the gold stan-
dard for DNA sequence analysis; however, it does not 
offer the high sensitivity required to detect somatic muta-
tions at allelic frequencies less than ~20%.12 Numerous 
comparisons of technology platforms for EGFR13 14 and 
KRAS (mainly in CRC15–23) mutation testing conclude 
that quantitative PCR (qPCR)-based methods offer the 
sensitivity, tissue economy and turnaround time required 
by physicians to guide treatment decisions. The advent 
of next-generation sequencing (NGS) platforms offers 
pathology laboratories an unparalleled insight into the 
cancer genome including de novo detection of variants 
as well as known actionable targets.24 However, there are 
important differences in sample handling and coverage 
of genes across the various NGS technologies along with 
increasing sequencing cost for the additional coverage 
(sequencing depth) necessary to detect low-level vari-
ants.25 26

There are challenges associated with mutation testing 
in fixed lung tissue samples. NSCLC samples typically 
generate exceptionally variable amounts of amplifiable 
DNA compared with more accessible tumour material 
such as CRC, ranging from ~10 copies/µL to tens of 
thousands of copies/µL.15 This reflects differences in 
accessibility of biopsy material and complexities in fixa-
tion due to lung tissue physiology. Even when sufficient 
quantities of DNA are obtained, not all is amplifiable and 

some quantification methods (eg, optical density and 
intercalating dyes) can overestimate the evaluable DNA 
for subsequent diagnostic testing.

The aim of the present study was to assess the ability 
of different mutation detection platforms to accurately 
identify low copy numbers of mutant KRAS DNA in 
varying backgrounds of wild-type DNA, and to combine 
this information with functional characteristics to aid in 
the assessment of a given testing platform.

Cell lines were chosen instead of formalin fixed paraffin 
embedded (FFPE) controls to ensure an adequate 
starting amount of DNA was available to produce iden-
tical samples for the high number of individual tests 
being evaluated. Some of the admixtures required large 
quantities of wild-type DNA not readily obtainable from 
FFPE. For example, the 0.5% mutant admixtures with 
100 mutant copies required 19 900 copies/µL of wild-type 
(64 ng/µL total). Stability of smaller DNA fragments in 
FFPE tissue may have also presented issues in more dilute 
admixtures. It is acknowledged that FFPE tissue would 
represent clinical tissue more accurately; however, this 
was not deemed suitable due to the factors above.

MetHoDs
Cell line models
Five distinct KRAS mutated cell lines, MIA PACA-2, 
PANC-1, MDA-MB231, SW620 and NCI-H460, were 
obtained from ATCC (Teddington, UK) (table 1). The 
KRAS mutations selected were p.G12C, p.G12D, p.G12V, 
p.G13D and p.Q61H, reflecting the most common KRAS 
variants according to codon associated with NSCLC. Cell 
lines were grown at the AstraZeneca cell bank (Alderley 
Park, UK), according to recommended conditions.

DnA extraction and creation of admixtures
Cell line DNA was extracted from a frozen cell pellet 
containing ~5×106 cells using the Qiagen DNeasy Blood 
& Tissue Kit (Qiagen, Hilden, Germany). KRAS muta-
tion admixtures were created by quantifying in triplicate 
the high molecular weight DNA using a NanoDrop 8000 
UV-Vis Spectrophotometer (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA). Then, 1000 copies/µL 
DNA mutant standards were made from each cell line, 
which was diluted with known KRAS wild-type human 
genomic reference DNA (Roche Diagnostics, Mannheim, 

Table 1 Characteristics of the five cell lines with known KRAS mutations

Cell line Base change KRAS mutation
Amino acid 
change Zygosity

ATCC order 
number Reference

MIA PACA-2 c.34G>T p.Gly12Cys 12C Homozygous CRL-1420 (44)

PANC-1 c.35G>A p.Gly12Asp 12D Heterozygous CRL-2547 (45)

MDA-MB231 c.38G>A p.Gly13Asp 13D Heterozygous HTB-26 (46)

SW620 c.35G>T p.Gly12Val 12V Homozygous CCL-227 (47)

NCI-H460 c.183A>T p.Glu61His 61H Homozygous HTB-177 (48)
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Germany) to create 10 distinct admixtures per mutation 
with mutant allele frequencies of 20%, 10%, 5%, 1% and 
0.5% (table 2), assuming 50% allelic frequency with the 
heterozygous samples.

Two sets of admixtures were created for all concentra-
tions: one with 100 copies/µL mutant allele and one with 
50 copies/µL mutant allele, resulting in a total series of 
50 cell line admixtures. In addition to the 50 cell lines 
admixtures, six wild-type control samples were prepared 
with total input DNA copy numbers equivalent to those 
in the cell line admixtures. Admixtures were prepared in 
Axygen Maxymum recovery 1.7 mL tubes (Corning, Wies-
baden, Germany). The six wild-type controls contained 
400, 1900, 9900 and 19 900 copies/µL, respectively.

Mother and daughter plate creation for distribution to study 
participants
Admixtures were created in multiwell plates as described 
in table 2. A plate schema was created where all 56 
samples were randomly located across the plate. The 
samples were then transferred, witnessed by two scientists, 
to a DNase-free and RNase-free low retention ‘mother’ 
plate sufficient to perform the experiments. The material 
was frozen at −20°C until used. Daughter copies of the 
mother plate were then replicated using a Liquidator 96 
(Mettler-Toledo, Columbus, Ohio, USA) manual pipet-
ting system to minimise any transposition errors and were 
shipped on dry ice to the respective testing laboratories 
with instruction to keep frozen at −15 to −25°C until 
further processed. Instructions to thaw and thoroughly 
mix the samples prior to use using a vortex were given to 
all participants.

KRAS testing
KRAS mutation testing was carried out in a blinded 
manner on all 56 samples using 13 technologies and 
assays as outlined in online supplementary table 1. One 
test per sample was permitted unless part of an estab-
lished repeat testing procedure (see online supplemen-
tary methods). KRAS mutation status was assessed using 

real-time PCR assays (therascreen KRAS RGQ PCR Kit, 
Qiagen; cobas KRAS Mutation Test, Roche Diagnostics; 
Idylla, Biocartis, Mechelen, Belgium); matrix-assisted 
laser desorption/ionisation time-of-flight mass spec-
trometry (MALDI-TOF) assays (iPLEX Pro tests, Agena 
Bioscience, San Diego, California, USA); NGS assays 
(ThunderBolts Cancer Panel, RainDance Technologies, 
Billerica, Massachusetts, USA; Oncomine Focus Assay, 
Thermo Fisher Scientific; Sentosa SQ NSCLC Panel, Vela 
Diagnostics, Singapore); Illumina Nextera Rapid Capture 
Custom Lung Panel, Cancer Research United Kingdom, 
London, UK; Ion AmpliSeq Cancer Hotspot Panel v2, 
Thermo Fisher Scientific; TruSight Tumor 15, Illu-
mina, San Diego, California, USA; a droplet digital PCR 
(ddPCR) assay (PrimePCR ddPCR Mutation Assays KRAS, 
Bio-Rad Laboratories, San Diego, California, USA); and 
Sanger sequencing (Sanger capillary sequencing, Applied 
Biosystems, California, USA). Full details of the KRAS 
testing methodology are given in the online supplemen-
tary materials.

Results
Overall, analysis of the DNA admixtures using the 13 
different technologies showed a range of performance 
for the different assays (table 3). Greater levels of muta-
tion detection were achieved with the 100 copy DNA 
samples than with the 50 copy samples (figure 1A,B). The 
NGS results indicated that in some cases the actual muta-
tion percentages of the admixtures differed considerably 
from the nominal. Therefore, the mutation percent-
ages described below should be taken as nominal for 
comparison across assays. Of note, in clinical practice the 
percentage of mutant allele is used to estimate the limit of 
detection (LoD) of minor alleles during an assay valida-
tion. This would then be used to determine the minimal 
percentage of tumour cells in a specimen accepted to 
perform clinical testing and to interpret test results and 
would need to be established definitively. The LoD for 
each technology is shown in table 3.

All technologies correctly identified all the wild-type 
control samples except the Nextera Rapid Capture 
Custom Lung Panel, ThunderBolts NGS assay and 
TruSight Tumor 15, where some or all samples were unsuc-
cessfully analysed (see table 3C), but with no false-positive 
results being reported.

In the case of PrimePCR ddPCR Mutation Assays, four 
of the six wild-type samples were incorrectly identified as 
having mutations. Two of the four samples showed very 
low mutant frequencies of 0.08% G12C and 0.08% G12V 
in sample 1 and 0.2% G12D in sample 2, respectively, at 
high total numbers of positive droplets. Sample 3 showed 
a false-positive G12C mutation at a frequency of 1.1%. 
However, this sample had to be repeated as the first 
measurement did not deliver any result. This could indi-
cate an assay performance problem in this sample. Sample 
4 showed G12D/G12V mutations but at an extremely low 
total number of positive counts (<110 per assay). This 

Table 2 Relative copy numbers of mutant and wild-type 
KRAS DNA samples used to create the admixtures

Sample 
number

Mutation 
(%)

Copies of 
mutant/μL

Copies of wild-
type/μL

1 20 100 400

2 10 100 900

3 5 100 1900

4 1 100 9900

5 0.5 100 19 900

6 20 50 200

7 10 50 450

8 5 50 950

9 1 50 4950

10 0.5 50 9950

https://dx.doi.org/10.1136/esmoopen-2017-000235
https://dx.doi.org/10.1136/esmoopen-2017-000235
https://dx.doi.org/10.1136/esmoopen-2017-000235
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again indicates a very low amount of DNA and data that 
are very difficult to interpret.

Real-time qPCR assays
In total, three qPCR-based assays were carried out. The ther-
ascreen KRAS RGQ PCR Kit was able to detect all codon 12 
and 13 KRAS mutations at the 10% and 20% allele frequency 
level in the 100 copy sample, and three out of four of these 
mutations at the 5% level or lower. With the 50 copy samples, 
codons 12 and 13 mutations were detected only at the 10% 
level (table 3).

The cobas KRAS Mutation Test detected KRAS muta-
tions successfully down to the 5% LoD, and lower for 
p.G12D, p.G13D and p.G12V in both the 100 copy and 
50 copy samples. For p.G12C, the lowest level of detec-
tion was at the 10% level. For p.G12V mutations, cobas 
detected mutations as low as 1% in the 100 copy sample. 
The p.Q61H mutation was detected at 20% and 10% in 
the 100 and 50 copy samples, respectively.

The Idylla KRAS Mutation Test correctly identified the 
genotypes of KRAS p.G12C, p.G12D, p.G12V and p.G13D 
mutant samples at both mutant input levels. For KRAS 
p.Q61H, all mutant samples were identified at 100 copies 
input, while at 50 mutant copies input two samples expected 
to contain a p.Q61H mutation were scored as KRAS wild-type. 
Subsequent retesting after unblinding of these false-negative 
wild-type samples using Idylla KRAS multiplex PCR master 
mixes on a Bio-Rad CFX96 thermocycler identified one 
additional KRAS p.Q61H mutant sample, leaving only the 
1% (50 copy) KRAS p.Q61H sample undetected. Overall, 
performance was thus in accordance with claimed LoD.

Matrix-assisted laser desorption/ionisation time-of-flight 
mass spectrometry
The iPLEX Pro MALDI-TOF assay was able to detect all 
codon 12 and codon 13 KRAS mutations down to a level 
of 5% in the 100 and 50 copy number admixtures, with 
the exception of the p.G12C mutation which was only 
detected at the 20% level in the 50 copy number sample.

UltraSEEK detected all codon 12 and codon 13 muta-
tions down to the 0.5% level in both the 100 copy and 50 
copy samples. For the p.Q61H mutation, detection was 
achieved down to the 5% level with both the 50 and 100 
copy samples.

next-generation sequencing
We evaluated two different NGS library preparation 
principles, hybridisation capture and amplicon-based 
sequencing. The Illumina Nextera Rapid Capture Custom 
Lung Panel was not successful in identifying any KRAS 
mutants. After running the analysis, standard quality 
control filters were applied to eliminate poor quality calls 
(eg, due to issues such as stand bias and poor quality 
mapping score), and the resulting data did not detect any 
KRAS mutations. Relaxation of the quality control filters 
resulted in the detection of two common KRAS variants 
(p.G12D and p.G12C); however, the accuracy of these 
findings could not be determined as the genotype of the (C
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Figure 1 (A) Number of KRAS mutations detected by mutation concentration by each technology with 100 copies mutant 
allele frequency. (B) Number of mutations detected by mutation concentration by each technology with 50 copies mutant 
allele frequency. ddPCR, droplet digital PCR; MALDI-TOF, matrix-assisted laser desorption/ionisation time-of-flight mass 
spectrometry.
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samples was not known at the outset of the study. Conse-
quently, these results have not been included in further 
analyses.

Among the amplicon-based NGS tests, the Oncomine 
Focus Assay identified all five KRAS mutations studied. All 
mutations were detected in the 100 and 50 copy admix-
tures and at all levels of allele frequency down to 0.5%, 
the lowest level assessed (table 3).

The ThunderBolts NGS assay identified all codon 12 
and 13 mutations. These KRAS mutations were detected 
at 5% with 100 copies and 50 copies of input, but not 
with all higher levels of allele frequency. For the p.Q61H 
mutation, this was detected at 10% with the 100 copy 
admixture.

The Sentosa SQ NSCLC Panel identified three out of 
four codon 12 and 13 mutations down to 5% and one 
down to 10% (p.G12C) with the 100 copy sample, and 
three out of four down to 5% with the 50 copy sample. 
It was able to quantify the allelic frequency of samples in 
cases that were below the established detection cut-off. 
For the p.Q61H mutation, the Sentosa panel detected 
only at the 20% level with both the 100 and 50 copy 
samples. The kit has a manufacturer-defined limit of 5% 
so that any results below 5% are defined as ‘mutation not 
detected’.

The Ion AmpliSeq Cancer Hotspot Panel v2 assay 
performed consistently well across both the 50 and 100 
mutant allele copy admixtures. All five KRAS variants 
were detected in both cell admixtures, down to at least 
the 5% frequency. The assay also reported quantitative 
data and was able to detect mutations down to 1%.

The TruSight Tumor 15 assay identified all four codon 
12 and 13 mutations to 5% and two of four to 1% (p.G12D 
and p.G12V) with the 100 copy sample. For the p.Q61H 
mutation, the TruSight Tumor 15 assay detected down to 
5% frequency with the 100 copy sample. The assay identi-
fied all four codon 12 and 13 mutations to 5% and one of 
four to 1% (p.G12V) with the 50 copy sample. Some 10% 
and 20% levels of allele frequency were not identified 
due to nucleic acid input being below the manufacturer’s 
recommendation.

ddPCR assay
The PrimePCR ddPCR KRAS Mutation Assays were able 
to identify codon 12 and 13 mutations down to 1% with 
the 100 copy input. However, across both admixture 
and wild-type control samples, the assay identified the 
incorrect mutation in eight different mutation/allele 
frequency combinations (see table 3). The p.Q61H assay 
did not perform successfully in this experiment as none 
of the mutated samples were detected.

sanger capillary sequencing
Sanger capillary sequencing produced weak PCR prod-
ucts and mutation peaks were only observable below 
the detection threshold. The overall results captured in 
table 3 show that this method did not identify any of the 

KRAS mutations at any of the levels of allele frequency 
tested.

Comparison of different assays
The detailed characteristics of the tested assays are 
reported in table 4, which provides an overview of 
the advantages of each assay, such as regulatory status 
provided. qPCR assays were observed to have the fastest 
turnaround time, with the Idylla KRAS Mutation Test 
being able to deliver the fastest turnaround time from 
sample to result a minimum of operator handling steps, 
while being a CE-marked product like therascreen and 
cobas tests. The UltraSEEK assay is able to detect low-level 
mutations with a quick turnaround time.

Typically, coverage beyond the usual mutation hot spots 
of the KRAS gene was achieved when using sequenc-
ing-based assays such as NGS or Sanger. The Idylla test 
and the cobas provided comprehensive coverage of the 
all the codons of interest in this study. For NGS, the KRAS 
mutation status was typically available in parallel with 
many other genes (at least ≥11; table 4). With respect to 
additional performance characteristics, NGS required 
more manual operating steps, with the exception of the 
CE-IVD Sentosa assay, which has a shorter turnaround 
time and provides a higher degree of automation. Sanger 
sequencing has comparable characteristics to the NGS 
technologies, with complete coverage and similar DNA 
requirements and throughput. Its coverage is limited to 
one gene and has low sensitivity.

DIsCussIon
Here we aimed to establish a ‘snapshot’ of the relative 
performance of a range of currently established KRAS 
mutation detection platforms and assays. Our objective 
was to obtain information to assist in the selection of the 
most appropriate technology for KRAS mutation detec-
tion, particularly in those derived from small biopsies, 
which commonly have limited tissue available for testing. 
It is important to note that in some assays established 
DNA input requirements were exceeded or not met as 
part of this study and that this study does not show or 
claim to show superiority of one technology over another. 
In addition, the authors would like to point out the limi-
tations of cell line admixtures to mimic clinical FFPE-de-
rived samples and that validation using this sample type 
would be necessary for each technology in its laboratory 
setting.

The data showed that the use of admixture samples with 
low levels of DNA can result in variability in performance 
across the testing platforms and assays. Of the 13 assays 
evaluated in this work, nine showed relatively similar levels 
of accuracy and reliability in detecting KRAS mutations at 
low levels with varying sensitivities. Three assays, that is, 
Oncomine Focus Assay (NGS technology), Idylla KRAS 
Mutation Test (qPCR) and UltraSEEK (MALDI-TOF) 
performed particularly well, with high sensitivity and spec-
ificity across the entire cell line panel. The sensitivities of 
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NGS, PCR and iPLEX Pro technologies were similar. In 
contrast, Sanger capillary sequencing failed to detect any 
mutations, as expected, due to its low sensitivity, which is 
the least of all the technologies, highlighting the need for 
optimisation for low copy DNA input levels.

Assay sensitivity is an important consideration with 
respect to the presence of tumour heterogeneity in clin-
ical samples. The PrimePCR ddPCR assay generated some 
non-specific results, especially in the 50 mutant copy 
samples, which were concluded to be false-positive results 
due to the lower quantification limit being reached. We 
conclude that the sensitivity of the Bio-Rad ddPCR assays 
was not as high as proposed, especially not in the case 
of samples with low amounts of DNA. To optimise its 
further use, it would be recommended to establish posi-
tive controls with a known amount of mutant spike-in to 
wild-type samples at low levels.27 If such controls are used, 
a low-level mutant sample can be discriminated against a 
wild-type sample with very few false-positive mutant drop-
lets and the lower limit of quantification can be lowered 
considerably.

Further, there are underlying reasons for some of these 
differences in performance; for example, only 3 of the 56 
samples tested with the Illumina Nextera Rapid Capture 
Custom Lung Panel met the manufacturer’s recom-
mended minimum DNA concentration of ≥50 ng/10 µL 
assay input, which may explain the apparent low sensi-
tivity in the results. Additionally, the ThunderBolts Cancer 
Panel and the TruSight Tumor 15 assays recommended 
DNA concentration of ≥20 ng/10 µL, which may explain 
the lower sensitivity in the results. However, irrespective 
of the various reasons for the differences in performance 
observed in this analysis, the results highlighted that not 
all KRAS mutation assays were the same and the impor-
tance of choosing a mutation test that is appropriate 
for the quality and quantity of DNA in the sample type 
investigated.

Moreover, it is essential that the testing laboratory 
ensures appropriate validation of a mutation test with 
samples that are representative of the intended sample 
type has been carried out. Establishment of such tests 
is less laborious where the test is already validated and 
has regulatory approval, for example Food and Drug 
Administration (FDA) approval or CE-IVD certification. 
The Bio-Rad PrimePCR data in table 3 clearly show the 
potential issues of non-specific mutation detection when 
an assay has not been optimised appropriately for a given 
sample type. Commercially available ddPCR assays should 
be thoroughly optimised and validated before use.28 
Reference standards can now be obtained for use to 
monitor assay performance, for example Horizon Diag-
nostics (Cambridge, UK) or AcroMetrix (Thermo Fisher 
Scientific). Where an incorrect test result could have a 
serious impact on patient health, external quality assess-
ment schemes with ISO 17043 accreditation offer valu-
able support for molecular testing laboratories.

The NGS data showed that the p.G12V and p.Q61H 
mutation admixtures were almost double and almost R
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half, respectively, of the intended nominal concentration. 
However, this is unlikely to affect the overall interpreta-
tion of the results of the study as the same samples were 
used consistently across all the technologies.

The admixture concentrations used in the anal-
ysis were designed to be challenging as many NSCLC 
patient samples or biopsies do not contain high levels of 
amplifiable DNA. Increasing use of fine needle aspirate 
(FNA), endobronchial ultrasound (EBUS)-guided biopsy 
and other small biopsy methods can result in challenging 
samples for the molecular pathology laboratory, with typi-
cally only 200–500 intact/evaluable cells per sample, and 
occasionally as few as 50 cells.29 30 Based on these data, we 
included a 50-copy admixture in addition to the 100-copy 
admixture combined with a wide range of wild-type back-
ground DNA.

We also demonstrated the KRAS mutation detection hit 
rates for the different technologies and may suggest the 
applicability of KRAS mutation tests based on the sensi-
tivity data. However, it is important to also consider the 
range of sample types that may be encountered. In a clin-
ical situation, only robust and thoroughly validated assays 
should be used. If a clinical laboratory tends to predom-
inantly collect one or two sample types, then the choice 
of assay can be based on optimum performance with the 
expected quantitative DNA content for those samples, 
but an assay that is highly tolerant of sample variability 
without compromising assay performance should also be 
considered.

Our study had several limitations. Among them, the 
admixtures did not meet the recommended minimum 
DNA input requirements for the different technologies 
and assays in all cases, which may have affected subse-
quent template preparation or amplification and detec-
tion of KRAS mutations. However, the data generated 
show the comparative sensitivities various technologies 
can offer at the specified copy numbers, and can guide the 
selection of a test platform for use in a given application. 
Second, there may also be limitations to how the results 
can be extrapolated to performance on clinical samples. 
For instance, the failure rate for certain NGS mutation 
panels on FFPE samples can vary between 5% and 20%, 
depending on the technology used and on the imple-
mentation of preanalytical quality control measures.31 32 
Further studies will be required to establish appropriate 
DNA input quantity cut-offs when assays are used with 
clinical FFPE-derived DNA, which contains many artefacts 
that can affect the DNA sequence.33 Third, extraction 
of the DNA from the cell lines was not performed in all 
instances with the validated method or kit specified for 
use with a given assay or workflow.

When choosing an appropriate platform and assay 
to meet the needs of a particular clinic laboratory, 
there are many factors to consider. In addition to the 
sensitivity of the assay being appropriate for the DNA 
content of the sample, it is also important to consider 
which KRAS mutations an assay can detect. For 
example, while the therascreen is an FDA-approved 

In-vitro Diagnostic (IVD) and European Conformity 
In-vitro Diagnostic (CE-IVD)-approved assay,34 it 
does not cover KRAS p.Q61 codon mutation, which 
accounts for up to 5% of KRAS mutations in NSCLC.15 
In this case, the laboratory may need to consider if an 
additional KRAS mutation test should be used so that 
a larger number of hot spot mutations are tested for. 
Complete coverage of all clinically relevant codons in 
the KRAS gene is typically seen when using sequenc-
ing-based assays such as NGS or Sanger, or in case of 
large-panel qPCR assays such as in the Idylla test, or to 
lesser extent the cobas test. A clear advantage of NGS 
is that the KRAS mutation status is available in parallel 
with information on many other genes, making more 
use of precious limited amount of tumour material.

Furthermore, in order to assess the suitability of a 
given test for use in the clinic, other parameters asso-
ciated with assay use need to be considered, such as 
ease of use, number of manual operating steps, turn-
around time from clinical sample to result and the 
number of samples that can be assessed in one instru-
ment run. Using an assay with a long turnaround 
time may not be appropriate when servicing a clinic 
sending high numbers of samples for mutation testing, 
or an assay requiring high levels of technical labora-
tory expertise may not be appropriate in a situation 
with limited resources. As shown in table 4, different 
assays have various characteristics that may be taken 
into consideration. For example, the CE-IVD Idylla 
KRAS Mutation Test automates the complete work-
flow after sectioning of the FFPE sample to result, and 
no manual pipetting or analysis steps are required to 
generate the test result, whereas the NGS Sentosa SQ 
NSCLC Panel assay (Vela Diagnostics), which is also a 
CE-IVD test, has a longer turnaround time but instead 
covers more target genes and analysis is automated. 
In general other NGS assays required more manual 
operating steps and somewhat more interpretation 
than the single-gene assays included in our study.

In conclusion, the variation between technologies 
and assays highlighted the need to select the most 
appropriate test for the particular clinical situation 
and the importance of appropriate test validation. 
Most technologies used to detect KRAS mutations 
are also available for other molecular biomarkers, 
meaning the results of this study may be applicable to 
other solid tumours where mutation status is needed 
for therapy selection.
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