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Abstract
As interpretation of next-generation sequencing (NGS) data remains challenging,
optimization of the NGS process is needed to obtain correct sequencing results. Therefore,

RI
PT

extensive validation and continuous monitoring of the quality is essential. NGS performance
was compared to traditional detection methods and technical quality of nine NGS
technologies was assessed. First, nine formalin-fixed, paraffin-embedded patient samples

SC

were analyzed by 114 laboratories using different detection methods. No significant
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differences in performance were observed between analyses with NGS and traditional
techniques. Second, two DNA control samples were analyzed for a selected number of
variants by 26 participants using nine different NGS technologies. Quality control metrics
were analyzed from raw data files and a survey regarding routine procedures. Results showed
large differences in coverages, but observed variant allele frequencies in raw data files were in

TE
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line with pre-defined variant allele frequencies. Many false negative results were found due to
low-quality regions, which were not reported as such. It is recommended to disclose the
reportable range, the fraction of targeted genomic regions for which calls of acceptable

EP

quality can be generated, to avoid any errors in therapy decisions. NGS can be a reliable

AC
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technique, only if essential quality control during analysis is applied and reported.
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Introduction
In the past, to test a single gene, several PCR-based platforms or Sanger sequencing
techniques were used for testing predictive and prognostic markers in cancer

1, 2

. Currently,

the testing of several genes and multiple variant hotspots has become common practice in
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PT

cancer treatment decision making 3. The recruitment of clinical trial patients is increasingly
based on confirmed variants and the knowledge of the molecular tumor spectrum 4. However,
it is difficult to respect the turnaround time to test multiple genes sequentially using Sanger

SC

sequencing. Moreover, the limited amount of available tumor tissue makes sequential
analyses almost impossible. Thus, there is an increasing demand for methods that allow
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molecular testing of numerous variants simultaneously with low DNA input. Next-generation
sequencing (NGS) can fulfil these requirements and is finding its way as primary technique
for biomarker testing in tumor tissues in many laboratories 4-6.

Different NGS technologies are available for performing whole-genome, whole-exome, or

TE
D

targeted sequencing analysis. Today, the latter is the preferred option for oncology biomarker
testing. Whole-genome or whole-exome sequencing are too expensive for routine practice as
the sequence depth should be high enough for analysis of tumor tissue and there is a limited

EP

clinical actionability of most regions of the human genome 7. In addition, formalin-fixed,
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paraffin-embedded (FFPE) tissue that contains fragmented DNA is not yet optimized to be
used for whole-genome sequencing 8. The NGS library preparation can be either PCR-based
or capture-based and can be combined with different sequencing platforms 8-10.
Sequencing

costs

per

sample

are

decreasing

for

NGS

(http://www.genome.gov/sequencingcosts, last accessed March 23, 2017). Although targeted
sequencing was first performed for a few thousand dollars, this is now available for a few
hundred dollars per sample
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11, 12

. The decreasing costs, the low turnaround time, the use of
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FFPE-material and the broad coverage of clinically relevant genes will further encourage the
use of targeted NGS in routine practice of molecular pathology laboratories.
The implementation of NGS also knows some limitations. It remains a challenge to handle the
limited amount of DNA and the quality of DNA extracted from FFPE tissue in molecular

RI
PT

pathology 13. In addition, the interpretation of the results using bioinformatics becomes more
complex. Many different quality control (QC) metrics can be applied to filter the huge amount
of data and determine the correct variants in the sample. Reporting the correct genotype of a

SC

tumor is especially important in decisions for targeted therapy. For example, confirmation of

EGFR tyrosine kinase inhibitors 14, 15.
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activating EGFR variants in non–small-cell lung cancers is essential before therapy with

Recommendations for using NGS in clinical practice describe various quality parameters that
need to be taken into account, however, in most cases, no exact criteria for variant calling are

TE
D

given

(www.wadsworth.org/sites/default/files/WebDoc/Updated%20NextGen%20Seq%20ONCO_Guidelin
es_032016.pdf, last accessed March 31, 2017)

16-18

. For instance, coverage, one of the most

EP

relevant technical variables in NGS, can help in troubleshooting errors and optimizing the
laboratory’s NGS workflow

10

. A tool to assure correct diagnostic results is participation in
19

. With participation in EQA, it can be verified

AC
C

external quality assessment (EQA) schemes

whether the test method used and QC metrics used are valid and accurate, and reliable results
are obtained.

This study assessed the performance of NGS compared to other variant-detection assays in an
EQA scheme for somatic variant analysis in the EGFR gene. On the other hand, a multigene
analysis of DNA control material was performed by 26 laboratories using nine different NGS
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technologies. The technical quality within and between the technologies was compared by reanalyzing the raw data files and the performance of the laboratories was evaluated.
Materials and Methods
The study consisted of two parts. The first part was the analysis of patient FFPE samples for

RI
PT

EGFR variants. The participants in this study were informed that the samples were part of the
2015 EGFR EQA scheme of the European Society of Pathology (ESP) (lung.eqascheme.org,
accessed December 18, 2017; registration required for full laboratory participation.). This

SC

EGFR EQA scheme was open to all laboratories worldwide. The scheme was organized

M
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according to international guidelines 20. To determine the performance of a laboratory, scores
were assigned by two independent assessors by comparison of the participant’s results with
the validated results. Two points could be obtained for each correctly genotyped sample for a
total of 18 points and points were deducted in case of a genotyping, technical, clerical, or
nomenclature error. Genotyping errors were defined as false positive results, false negative

TE
D

results, or reporting of a wrong variant. A participant was seen as successful if at most one
technical error and/or a nomenclature mistake, or no more than one genotyping error without
nomenclature mistake was made. Nine FFPE patient samples were evaluated in the scheme

EP

(Table 1). For three of the samples, mock clinical information was provided by the

AC
C

organization, and participants needed to submit written diagnostic reports with molecular
results and interpretation of these cases.
For the selection of the participants of the second part of this study, an invitation was sent to
more than 600 institutes from the ESP database. A candidature form was filed by 98
laboratories and the final selection of 26 European laboratories was based on the used NGS
methodology (panel and platform), accreditation status, NGS implementation date and
number of samples tested per year to obtain a group with enough variation on these aspects
(Table 2).
Page 6 of 33
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The DNA control material originated from two different manufacturers: sample A was the
Quantitative Multiplex DNA reference standard from Horizon Discovery (Cambridge, UK)
and sample B the Oncology Hotspot Control from Thermo Fisher (CA) (Table 1). For this
study, 20 genes were selected for which the participants needed to report results: AKT1, ALK,
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PT

BRAF, CTNNB1, EGFR, ERBB2, ERBB4, FGFR2, FGFR3, KIT, KRAS, MAP2K1, MET,
NRAS, PDGFRA, PIK3CA, PTEN, SMAD4, STK11, and TP53. This list was selected based on
the overlap between the targeted regions covered by the different NGS methodologies, the

SC

clinical relevance of markers and current availability of targeted therapies for biomarkers in
these genes. The relevance (pathogenic versus benign) and position (intronic, exonic, splice

M
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site) of the variants in the selected genes was determined by the Biomedical Quality
Assurance (BQA) unit (KU Leuven) with the Ingenuity Variant Analysis (IVA) software
(build 4.3.20170418) from Qiagen (Valencia, CA).

The participants analyzed the DNA control material with their routine NGS methodology and

TE
D

were requested to report any variant above a variant allele frequency (VAF) of 1% in the 20
selected genes, regardless of the clinical relevance. A list with the identified variants, as well
as the raw data files (BAM files) from the NGS analysis were submitted to the organisers of

EP

the study. In addition, questions were asked about the used QC metrics and the validation
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C

procedure of the participant’s NGS technique. Not all questions in the survey were mandatory
and more than one option could be chosen for several questions, hence why the sum of
percentages is not equal to 100%. After the participants submitted their results, all further
analyses, discussed below, were performed at the BQA Research Unit and the Center of
Human Genetics of the KU Leuven. The limit of detection of the participant’s technique was
taken into account for the determination of correct or incorrect results.
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All reported variants in the DNA samples were cross-checked with the variant list provided
by the manufacturer to identify possible false positive or false negative results. The BED files
with target definitions were provided by the companies of the NGS panels.
Technical information, such as total coverage and alternative allele coverage was calculated
the

provided

BAM

files

using

bam-readcount

version

0.8

software

RI
PT

from

(https://github.com/genome/bam-readcount, last accessed May 2, 2017). A minimum mapping
quality and base quality of 15 was applied. BED tools version 2.25.0 was used to analyze the
21, 22

. The observed VAFs were calculated from this

SC

observed coverages of participants

M
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U

dataset.

Statistical analysis was done with IBM SPSS (New York, NY) statistics version 22.
Comparison of groups was done with a Chi squared test or with Fisher’s exact test in case the
expected frequency was less than 5 in more than 20%.

TE
D

Results

The results of the analysis of nine FFPE samples from the 2015 ESP EQA scheme for EGFR
variant analysis were evaluated. In this scheme, 33 of 114 participants (28.9%) used their

EP

routine NGS technique for EGFR variant analysis.

AC
C

The average genotyping scores for laboratories using NGS (N = 33, NGS laboratories) and
laboratories using another technique (N = 81, non-NGS laboratories) were 90.0% (16/18) and
87% (15.7/18), respectively. Only 79% (26/33) of the NGS laboratories and 64% (52/81) of
the non-NGS laboratories made no genotyping errors (false positive results, false negative
results, or reporting a wrong variant). More details on the genotyping errors can be found in
Table 3. In addition, NGS laboratories tended to obtain the maximal score (18/18) more than
non-NGS laboratories. However, the number of laboratories with a successful score was
similar between both groups (Table 3). At samples level, the differences between the two
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groups were smaller, but still more genotyping errors occurred when analyzing the samples
with a non-NGS technology (6%) versus an NGS technology (4%). Detailed results on sample
level showed more false negative results compared to false positive results or reporting a
wrong variant (Table 3). Of the 33 NGS-laboratories, 12 used a laboratory-developed NGS
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PT

panel. The average score of these 12 laboratories was 89% and four (33%) laboratories made
a genotyping error. This lower average score was due to one laboratory that made four
genotyping errors. More detailed information on the type of errors of the NGS laboratories

SC

versus the non-NGS laboratories can be found in Table 3. No significant differences could be
observed between the two groups regarding the number of laboratories with major genotyping

M
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errors, technical errors or a maximum performance score (18/18) in the EQA scheme (P =
0.129, P = 0.447, and P = 0.193, respectively) 23.

In addition to the genotypes for each sample, laboratories also submitted diagnostic reports.
Only three of the 33 NGS laboratories (9.1%) reported which exons were not informative

TE
D

enough for a reliable conclusion and one NGS laboratory reported that some exons were of
sub-optimal quality, but did not state the exact exons. None of these laboratories had a false

EP

positive or a false negative result in the analysis of the patient samples.
Twenty-six institutes participated in the second part of the study, of which two institutes used

AC
C

two different NGS techniques (Table 4). Not all laboratories submitted the requested raw data
files or the survey on QC metrics (Table 4). More than half of the participants were accredited
(58%) according to a national or international standard. Half of them tested a limited number
of samples with NGS in 2014 (0-249). Approximately a quarter tested 250 to 499 samples in
2014 and another quarter tested more than 500 samples. Most laboratories (58%) worked both
in a clinical trial setting and in a diagnostic setting (Table 2). All institutes used ampliconbased panels in combination with sequencing-by-synthesis (Illumina – United States, MiSeq),
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pyrosequencing (Roche – Switzerland, GS Junior), or Ion Torrent semi-conductor technology
(Thermo Fisher, PGM or Ion Proton).
To compare the technical performance of nine different NGS protocols, the raw data files
(BAM files) were re-analyzed at a central laboratory. Hereby, two important QC metrics, the

panels used by at least two participants were taken into account.
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coverage and VAF of variants in the different panels, were studied in detail. Only the NGS

SC

Figure 1A-D give an overview of the average coverage of the amplicon panels for each
technology and participant. To make sure that reads were only counted once, the middle
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coordinate of each amplicon was used. As the TruSight Tumor panel (Illumina) uses two
oligo pools for multiplex PCR, two pools were available for each participant. Participant 10
and Participant 11 performed a replicate analysis, hence the two results. Figure 1E-H give an
overview of the uniformity of the coverages for each panel. For each amplicon of each

TE
D

sample, the expected number of reads and percentage of reads per amplicon were determined
and the deviations from this number for each amplicon were used as a measure for the
uniformity of the coverage. Participant 19 showed low coverage compared to the other

EP

participants. This laboratory used the Ion AmpliSeq Colon and Lung Cancer Panel (Thermo
Fisher Scientific). Participant 28 used the TruSight tumor panel from Illumina and showed

AC
C

very low and uneven coverage. Participant 3 had all amplicons covered, although some at
very low depth, explaining the high standard deviation. These analyses revealed a high
variation in average coverage, both between the different technologies and within a specific
technology (Figure 1).

Figure 2 visualizes the deviation of the observed VAF from the participant’s panel from the
expected VAF, as determined by the manufacturer of sample A. Ideally, the graph should be
low and horizontal for a minimal deviation between the observed and the expected VAF. Due
to the uneven coverage of Participant 28, and the very low coverage of Participant 19, these
Page 10 of 33

ACCEPTED MANUSCRIPT
laboratories were left out of the analysis. There was only one outlier left, due to the reporting
of a variant at 28% instead of the expected 13%. The corresponding laboratory used the
TruSeq Amplicon Cancer panel (Illumina). Except for these participants, the variation of the
observed VAF was limited (< 3%), both within and between the different technologies. For

RI
PT

most variants, the average observed VAF of the different participants is in accordance with
the expected VAF per methodology. The Ion AmpliSeq Colon and Lung Cancer panel from
Thermo Fisher has 5 of the 12 targeted variants with an average that differs more than 1%

SC

from the expected VAF, as determined by the manufacturer. None of these five show large
systematic deviations in the other methodologies. For the other methodologies, one or two

M
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U

variants (≤ 15%) show an average VAF that differs more than 1% from the expected VAF.
For sample B, only ranges of expected VAFs were provided by the manufacturer of the
sample and no standard deviations could be calculated.

Subsequently, the BAM files of the two samples generated by the different technologies were

TE
D

analyzed to study the variants present in the aligned reads. Figure 3 gives an overview of the
variants that should have been detected by the specific methodology, categorized according to
the coverage limit and the minimal VAF of the specific participant. Mostly, the percentage of

EP

variants below the QC criteria of the participant varied between 10% and 30%. Some

AC
C

participants showed a higher percentage of variants below their QC criteria, however this was
not in accordance with the other participants of that specific methodology. For example,
Participant 19 showed no variants above the participant’s QC criteria, which was not in line
with the other participants using the Ion AmpliSeq Colon and Lung Cancer panel from
Thermo Fisher Scientific. The TruSeq Amplicon Cancer panel from Illumina showed four
variants without reads in all three participants. The other variants without coverage were
sequenced and present in the BAM files by at least one other participant.
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Following the technical analysis of the BAM files of the participants, the submitted list of the
identified variants in both samples was analyzed in detail (Figure 4). For each participant, the
percentage of reported and unreported variants was calculated. These variants were
subsequently divided in different categories, based on the information in the BAM files of the

RI
PT

participant. The limit of detection and the minimal coverage, as reported by the laboratory in
the QC survey, were taken into account to assign these categories. Variants in the raw data
files that met the QC criteria of the participant and were also reported by the participant in the

SC

variant list, or variants below the QC criteria and reported as such are seen as correctly
reported variants. In case the coverage or limit of detection was below the participant’s limit,

M
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this was considered as an incorrectly reported variant. Variants that did not fulfil the QC
requirements should not be reported. For example, Participant 19 reported a high number of
variants that did not meet QC criteria. Most participants obtained good results and reported
more than 80% of the variants in a correct way.

TE
D

In addition, for sample A, 14 laboratories had one or more false positive results. In total, 37
possible false positive variants were identified. The manufacturer of this sample could not
confirm whether these variants were true variants or false positive variants. On average, their

EP

limit of detection for exome sequencing was 10% and the possible false positives were

AC
C

reported by the participants at a VAF lower than or around this limit. However, the
observation that only three of the 37 variants were reported by two different laboratories and
31 by one laboratory argues that these variants are true false positives. For sample B, 11
laboratories had one or more false positive results and 36 false positive results were identified
in total. Five variants were reported by two or more different laboratories. None of the false
positive results were taken into account to assess the performance of the laboratories.
Since not all laboratories provided their BAM files, or the laboratory’s NGS bioinformatics
pipeline does not generate BAM files, some participants could only be evaluated based on the
Page 12 of 33
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reported list of identified variants (Figure 5). The GS Junior system from Roche generates sff
files, which could not be further analyzed for their QC metrics

24

. For all these participants,

only the limit of detection was taken into account to assign the categories and no conclusions
were made regarding the quality of the reads (Figure 5). For sample A, most participants

RI
PT

reported the correct variants, within their limit of detection. Only Participant 4b missed three
of the 12 targeted variants. In sample B, more false negatives were present, but it was not
clear whether it was due to low quality of the reads or not.

SC

To collect information on the number of QC metrics in routine practice and the type of

M
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validation procedures, a survey was sent to all participants. For validation of their NGS
methodology, 59% (13/21 laboratories) used reference material from Horizon Diagnostics and
19% (4/21) used reference material from Thermo Fisher Scientific. Other reference material
was FFPE material (76%), cytology material (10%), blood (10%), clinical study samples
(5%), and fresh frozen samples (5%). The laboratories used on average five QC metrics

TE
D

during the wet bench process of the NGS analysis and two during the bioinformatics phase for
each analysis. In the sample preparation phase (DNA extraction, library preparation, and
enrichment of the sample) of the NGS analysis, DNA concentration is an important QC metric

EP

for many laboratories. This metric is controlled in the different steps of sample preparation.

AC
C

Other QC metrics used by more than one laboratory were amplicon size, fragment analysis, or
amplification of the PCR product. After extraction of the DNA, 70% of the participants
monitored the DNA concentration. After sequencing, Phred score (37.0%), VAF (26%), and
the coverage (26%) are the main QC metrics. The threshold for the VAF varies between 1%
and 10%. The minimal coverage was calculated by different measures, per base, per exon or
per sample, and shows high variation among the different participants.
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Discussion
Many different workflows are available for NGS analysis. Optimization of various NGS
processes is needed to obtain high-quality sequencing results 25, 26. Interpretation of the results
remains challenging and a lot of data are generated in the process 9. To ensure that correct

RI
PT

results are obtained at all times, extensive validation and continuous monitoring of the quality
is essential 8, 27. This study compared the performance of NGS technologies versus traditional
detection methods and assessed the technical quality of nine routinely-used NGS technologies

SC

for variant detection in DNA control material.

M
AN
U

The inclusion of the results of the participants of the ESP EGFR EQA scheme allows the
comparison of NGS users versus non-NGS users (Table 3) (lung.eqascheme.org, last accessed
December 18, 2017). The participating laboratories had different accreditation statuses or
experience with NGS technology (Table 2). Although more NGS laboratories made technical
errors, the percentage of technical errors for samples analyzed with NGS is similar to those

TE
D

analyzed with other techniques (Table 3). The majority of the laboratories using NGS had one
technical error whereas more laboratories using other techniques had multiple technical
errors. Although the differences between the NGS laboratories and non-NGS laboratories

EP

were small and not significant, there is a trend towards a better performance of NGS.

AC
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In the second part of the study, technical features of the different NGS technologies and the
performance of the laboratories were analyzed. Based on the VAF of the variants in the DNA
control sample A, the estimation of the VAF gave good results; the observed VAF from the
raw data files corresponded well with the expected VAF. The discordant estimates of two
participants were mainly due to uneven and/or low coverages. Therefore, to be able to detect
all variants, including those with frequencies below 5%, the minimal coverages for different
VAF

should

be

determined

during

the

validation

process

(www.wadsworth.org/sites/default/files/WebDoc/Updated%20NextGen%20Seq%20ONCO_Guidelin
Page 14 of 33
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es_032016.pdf, last accessed March 31, 2017)

25

. Once introduced in clinical context, this

should be taken into account for the molecular interpretation and the diagnostic report.
The results of the DNA control material analyses (sample A and B) showed large differences
between the NGS methodologies, especially in sample B. The percentage of correctly

RI
PT

reported variants ranges between 58% and 100% for sample A and between 55% and 97% for
sample B. There was no clear tendency that variants of a specific type (pathogenic, benign,
uncertain, or unknown) were less reported by the participants than others. Reflecting this to

SC

routine practice, relevant pathogenic variants would also be missed, which could have a
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possible harmful effect on therapy decisions. Based on the analysis of the raw data files, the
possible cause of false negative results showed similar trends within one technique. The
analysis of sample B with the TruSight tumor panel from Illumina showed many results for
which the observed VAF is below the expected VAF range and, consequently, lower than the
corresponding limit of detection for that participant. Of all variants that should have been

TE
D

identified by this panel (N = 211), 26% had a coverage or a VAF that was lower than the limit
for all four participants with this panel. For this fraction of the variants, the recipient of the
report, including clinicians and laboratory personnel, would not have any idea that the results

EP

were of lower quality and thus not trustworthy. Continuous education may be needed for
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molecular biologists to include the reportable range and to inform clinicians on the
importance of the reportable range, such that this information can be used correctly and
efficiently.

This study emphasises the importance of providing information about the reportable range
when describing NGS results in a tumor sample. The reportable range can be defined as the
fraction of the targeted genomic regions for which calls of an acceptable quality can be
generated

16, 28

. The importance of evaluating the reportable range of the NGS technique

during the validation process was stressed by the Clinical Laboratory Improvement
Page 15 of 33
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Amendments (CLIA) from the United States in 2012 and was also emphasised in different
recent guidelines

8, 10, 17

. There is a large influence on patient safety when reportable ranges

are not added in the results. Figure 4 shows a large proportion of false negatives (not reported
variants) of which the quality of the regions was not sufficient to be withheld during variant
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filtering (coverage or VAF below the participant’s limit). This is especially the case for
laboratories using the TruSight Tumor Panel from Illumina, which tend to produce more such
regions than the other panels in this comparison. By indicating those regions in the report the

SC

clinician can take this into account for further interpretation of the results as some regions
may be less covered or have a lower quality score than others and this can differ for each

M
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analysis. During the 2015 ESP EGFR EQA scheme, only three participants stated information
on the non-informative exons or gave information about the coverage per exon and the
minimal required coverage (one participant). Two of these laboratories were accredited and
two of them had a university and research background. Despite the recommendations in

TE
D

guidelines and studies, mentioning the reportable range in the diagnostic report is not yet
routine practice for laboratories. Evaluation of the reports in following years of EQA
organisation by the ESP (2016 ESP EGFR EQA, 2016 Colon EQA, and 2017 Colon EQA)

EP

showed no large improvements (lung.eqascheme.org and kras.eqascheme.org, last accessed
December 18, 2017;

registration required for full laboratory participation.). Only one
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additional laboratory stated that the quality criteria were not met for a certain exon. It should
be recommended to laboratories to follow the available guidelines to avoid any errors with an
effect on therapy decisions. As different publications provide information about the reportable
range, it should be verified in future EQA schemes if more laboratories adhere to the
guidelines 8, 10.
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The need to monitor the reportable range could also be part of the continuous validation 10. In
case a clinically important variant shows insufficient coverage on a regular basis, there is a
need for revalidation of the technique.
Some false positive results were also reported. Confirmation of the variants by a secondary
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technique could be a solution to avoid such errors in the future 17, 29. In routine practice, nine
of the participating institutes (35%) used a secondary technique to confirm a positive result in
diagnostic routine settings. These laboratories from six European countries had different

SC

degrees of experience in the number of samples tested per year and six were accredited. Three

M
AN
U

still reported a false positive result in this study. The practice for confirmatory testing used to
be encouraged by guidelines and recommendations, but as NGS technology evolves it is no
longer recommended for all cases

6, 10, 30

. Confirmatory testing should be applied in case of

doubt, for example in variants with low frequencies or other unexpected results or in case a

TE
D

variant was identified outside the validated regions 6, 10, 30.

Another strategy to avoid false positive and false negative results is to include reference
standards in the NGS workflow

27

. It was not requested in this study if reference standards

EP

were used in routine practice. However, two thirds of the participants in the second part of
this study included reference material in their initial validation, before implementation of the

AC
C

technique, which is already a good step towards improvement of the quality 10.
Conclusion

NGS performs well in clinical practice compared to traditional diagnostic testing methods.
There is a trend towards a better performance of NGS, with less genotyping errors. Although
the number of tested hotspots/genes analyzed in the same run increased significantly, there
were still genotyping errors with the NGS technique, so it remains important to focus on the
QC metrics of each analysis.
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This study shows the importance of describing the reportable range in the report. The regions
that cover clinical relevant variants for which no reliable calls were obtained should be
reported clearly to the clinician who makes treatment decisions. At first sight, the NGS
methodologies showed a moderate performance in identifying variants in DNA control

RI
PT

material, but when the reportable range was taken into account in the evaluation, the
performance increased to a higher level. Technical criteria must be available to determine a
successful analysis and, where necessary, additional education should be provided to

M
AN
U

SC

clinicians and NGS users to correctly use this information in their treatment decision making.
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Figure Legends
Figure 1: Average coverage per participant (A-D) and uniformity of coverage per participant
(E-H). Sample A: Quantitative Multiplex DNA reference standard from Horizon Discovery.

methodologies used by at least two participants are shown.

RI
PT

Sample B: Oncology Hotspot Control from Thermo Fisher Scientific. Part: participant. Only

SC

Figure 2: Deviation from expected variant allele frequency (VAF) for sample A (Quantitative
Multiplex DNA reference standard from Horizon Discovery). Participants 19 (Ion AmpliSeq)

M
AN
U

and 28 (TruSight tumor) were left out of the analysis. TruSight tumor: TruSight Tumor panel
from Illumina. TruSeq: TruSeq Amplicon Cancer panel from Illumina. Ion AmpliSeq: Ion
AmpliSeq Colon, and Lung Cancer panel from Thermo Fisher. Actionable mut: Tumor
Actionable mutations panel from Qiagen. The dotted lines represent the change in scale

TE
D

between the lower part and the upper part of each panel.

Figure 3: Quality of variants that should have been detected by the specific methodology. A:

EP

Sample A (Quantitative Multiplex DNA reference standard from Horizon Discovery). B:

AC
C

Sample B (Oncology Hotspot Control from Thermo Fisher). Tumor Actionable mutations
panel from Qiagen. Ion AmpliSeq Colon and Lung Cancer panel, Oncomine Focus Assay and
Oncomine Solid Assay from Thermo Fisher. Somatic 1 assay and Tumor Hotspot assay from
Multiplicom (Niel, Belgium). TruSight Tumor panel and TruSeq Amplicon Cancer panel
from Illumina. Part Participant. Filters used for analysis of the raw data: variant allele
frequency and coverage limits as reported by the participant.
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Figure 4: Percentage of correctly (C) and incorrectly (NC) reported variants by each
participant. A: Sample A (Quantitative Multiplex DNA reference standard from Horizon
Discovery). B: Sample B (Oncology Hotspot Control from Thermo Fisher). Tumor
Actionable mutations panel from Qiagen (Hilden, Germany). Ion AmpliSeq Colon and Lung

RI
PT

Cancer panel, Oncomine Focus Assay and Oncomine Solid Assay from Thermo Fisher.
Somatic 1 assay and Tumor Hotspot assay from Multiplicom. TruSight Tumor panel and
TruSeq Amplicon Cancer panel from Illumina. Filters used for analysis of the raw data:

M
AN
U

QC- quality control, LOD- limit of detection.

SC

variant allele frequency and coverage limits as reported by the participant. Part- Participant,

Figure 5: Variants reported by the participants for whom no BAM files were available. A:
Sample A (Quantitative Multiplex DNA reference standard from Horizon Discovery). B:

TE
D

Sample B (Oncology Hotspot Control from Thermo Fisher). Tumor Actionable mutations
panel from Qiagen. GS Junior system from Roche with in-house primers. Oncomine Solid
Assay from Thermo Fisher. Somatic 1 assay from Multiplicom. Filters used for analysis of the

EP

raw data: variant allele frequency and coverage limits as reported by the participant. Nnumber of variants that should have been detected by the specific methodology, Part-

AC
C

Participant, R- reported by the laboratory, NR- not reported by the laboratory, LOD- limit of
detection.
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Table 1: overview of the material sent in both parts of the study.

Part 1: samples of the 2015 EGFR EQA scheme of the ESP
Variants in the samples (N = 9)

EGFR wild-type (five samples)

EGFR c.2573T>G p.(Leu858Arg)

RI
PT

EGFR c.2156G>C p.(Gly719Ala)

EGFR c.2235_2249del p.(Glu746_Ala750del)

EGFR c.2369C>T p.(Thr790Met) and c.2573T>G p.(Leu858Arg)

Material sent

1 µg

Part 2: sample B

SC

Part 2: sample A

75 µg or 300 µg, dependent on

M
AN
U

participant’s panel

Variants in sample

> 500 at different VAF

> 500 at different VAF

Variants selected for the study

16 variants in 10 genes

299 variants in 20 genes

Position of the selected

Exonic

Exonic, intronic, splice sites

Relevance of the selected

Pathogenic (100%)

AC
C

EP

variants

TE
D

variants
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Pathogenic (37.2%)
Benign (8.64%)
Uncertain (28.9%)
Unknown (25.3%)

ACCEPTED MANUSCRIPT

Reference sequence EGFR: NM_005228.4. ESP European Society of Pathology. sample A:
Quantitative Multiplex DNA reference standard from Horizon Discovery (Cambridge, UK).
Sample B: Oncology Hotspot Control from Thermo Fisher (CA). VAF variant allele

RI
PT

frequency. As the target regions for each NGS panel differ, the actual percentages varied for

AC
C

EP

TE
D
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U

SC

each technique.
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Table 2: Overview of the characteristics of the participants in both parts of the study.

Techniques

Number of NGS

Accredited

NGS implementation

year

RI
PT

samples tested per

Number of laboratories
NA

Yes: 14

SC

Non-NGS based commercial
(N = 59)

NA

No: 45
NA

developed (N = 22)

Yes: 12

M
AN
U

Non-NGS based laboratory

NA

No: 10

NGS based commercial

0-249: 12

(N = 29)

250-499: 5
>500: 6

NGS based laboratory
developed (N = 12)

TE
D

Missing: 6

Yes: 16

Before 2014: 4

No: 13

2014-2015: 18
2016: 1
Missing: 6

0-249: 1

Yes: 7

Before 2014: 1

250-499: 2

No: 5

2014-2015: 2

EP

>500: 0

Missing: 9

AC
C

Missing: 9

2016: 0

For the accreditation status, different national and international standards were taken into
account: ISO 15189 and ISO 17025 standards as recognized international accreditation
standards, CAP 15189 (College of American Pathologists) as national accreditation standard
and widely used national standards such as the national standard in the Netherlands (CCKL).
Missing data arose because these questions were only asked in the survey of part 2 (analysis
of DNA control material).
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N: Total number of laboratories in that group; NGS: next-generation sequencing; NA: not
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C

EP
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D

M
AN
U

SC

RI
PT

applicable
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Table 3: Comparison of the analysis results between NGS laboratories and non-NGS
laboratories for the patient FFPE samples.

≥ 1 FP

≥ 1 FN

≥ 1 WM

Non-NGS

≥1

Maximal

Successful

Technical

score*

score†

failure
Number of participating laboratories (%) using:

(N = 33)
Non-NGS

8 (9.9%)

(N = 81)

5

3

10

6 (18.2%)

(15.2%)

(9.1%)

(30.3%)

23

7

19

7

42

(28.4%)

(8.6%)

(23.5%)

(8.6%)

(51.9%)

NA

NA

NA

NA

SC

0 (0.0%)

M
AN
U

NGS

RI
PT

NGS vs

17
(51.5%)

Number of samples (%) analyzed using:
0 (0.0%)

(N = 33)
Non-NGS

4

15

(3.3%)

(1.3%)

(5.1%)

30

7

38

(4.1%)

(1.0%)

(5.2%)

EP

(N = 81)

10 (1.4%)

9

TE
D

NGS

Maximal score is defined as a 100% score (18/18).

†

Successful score is defined as at most one test failure and/or a nomenclature mistake, or at

AC
C

*

most one genotype error without nomenclature mistake.
NGS: next-generation sequencing; FP: false positive; FN: false negative; WM: wrong
mutation; NA: not applicable.
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Table 4: Overview of the participants and the submitted information available for
further analysis.

Platform

Panel

Sample

QC

Raw

analyzed

metri

data

RI
PT

ID

c

submitte

surve

d

1
Tumor Actionable
MiSeq (Illumina)

A and B

Yes

Yes

A and B

Yes

No

A and B

Yes

Yes

No

NA

A and B

Yes

NA

A and B

Yes

NA

A and B

Yes

NA

A conclusive

Yes

Yes,

M
AN
U

2

SC

y

Mutations panel (Qiagen)
3

A conclusive

4a

B

GS Junior

In-house panel*

TE
D

(Roche)
5
6

9

AC
C

8

EP

7

B

Sample

PGM IonTorrent

Ion AmpliSeq Colon and

(Thermo Fisher)

Lung Cancer Panel (Thermo A and B

Yes

Yes

A and B

Yes

Yes

A and B

Yes

Yes

A and B

Yes

Yes

11

Fisher)

19
10

inconclusive

Ion Proton
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A
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(Thermo Fisher)
PGM IonTorrent

Oncomine Focus Assay

A and B

12

Yes

Yes

Yes

No

A and B

Yes

Yes

4b

A and B

Yes

No

15

A and B

Yes

Yes

16

A and B

Yes

No

A and B

Yes

No

A conclusive

Yes

No

A and B

Yes

Yes

A and B

Yes

Yes

A and B

Yes

Yes

A and B

Yes

Yes

A and B

Yes

Yes

A and B

Yes

Yes

A and B

Yes

Yes

A and B

Yes

Yes

(Thermo Fisher)

(Thermo Fisher)

13

PGM IonTorrent

Oncomine

14

(Thermo Fisher)

DNA kit (Thermo Fisher)*

Somatic 1 MASTR assay
17

MiSeq (Illumina)

M
AN
U

(Multiplicom)

RI
PT

Tumor A and B

SC

Solid

18

B no result

22

MiSeq (Illumina)

Tumor hotspot
(Multiplicom)

MiSeq (Illumina)

TE
D

24a

TruSeq Amplicon Cancer

25

MiSeq dx

panel (Illumina)*

(Illumina)
MiSeq (Illumina)

EP

26
23
24b

AC
C

TruSight tumor panel

MiSeq (Illumina)

27
28

(Illumina)*

*Two institutes participated with two different techniques.
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Sample A: Quantitative Multiplex DNA reference standard from Horizon Discovery. Sample
B: Oncology Hotspot Control from Thermo Fisher.
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NA-not applicable.
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