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ABSTRACT
For a nationwide real- word data study on the 
application of predictive mutation testing of patients 
with colorectal cancer (CRC) for anti- epidermal growth 
factor receptor (EGFR) therapy stratification, pathology 
data were collected from the Dutch Pathology Registry 
from October 2017 until June 2019 (N=4060) and 
linked with the Netherlands Cancer Registry. Mutation 
testing rates increased from 24% at diagnosis of stage 
IV disease to 60% after 20–23 months of follow- up 
(p<0.001). Application of anti- EGFR therapy in KRAS/
NRAS wild- type patients was mainly observed from 
the third treatment line onwards (65% vs 17% in first/
second treatment line (p<0.001)). The national average 
KRAS/NRAS/BRAF mutation rate was 63.9%, being 
similar for next- generation sequencing (NGS)- based 
approaches and single gene tests (64.4% vs 61.2%, 
p=ns). NGS- based approaches detected more additional 
potential biomarkers, for example, ERBB2 amplifications 
(p<0.05). Therefore, single gene tests are suitable to 
stratify patients with mCRC for anti- EGFR therapy, but 
NGS is superior enabling upfront identification of therapy 
resistance or facilitate enrolment into clinical trials.

INTRODUCTION
Treatment for patients with metastatic colorectal 
cancer (mCRC) mainly involves chemotherapy 
in combination with targeted therapy. Targeted 
therapy such as anti- epidermal growth factor 
receptor (EGFR) antibodies (ie, cetuximab and 
panitumumab) block EGFR activation and hence 
its downstream signalling cascade.1 However, 
tumours with mutations in the downstream 
effectors KRAS or NRAS respond poorly to anti- 
EGFR therapy.2 Therefore, the KRAS/NRAS 
mutation status should be evaluated prior to anti- 
EGFR therapy. Additional potential predictive 
biomarkers for resistance to anti- EGFR therapy 
include BRAF p.V600E, PIK3CA mutations 
and ERBB2 amplifications.3 4 Moreover, BRAF 
p.V600E mutations are associated with a poor 
prognosis of patients with mCRC.5 6

Several (inter)national clinical practice guide-
lines have been developed to provide evidence- 
based recommendations to assist in the treatment 
and management of patients with mCRC.7–10 
Predictive biomarker analysis has been recom-
mended for a decade now. However, uptake of 

KRAS mutation analysis to stratify patients for 
anti- EGFR therapy ranges between 35% and 
69%.11–15 We performed a nationwide real- 
world data study on the application of predic-
tive mutation testing of patients with CRC for 
anti- EGFR therapy selection and analysed the 
results of multi- institutional mutation analyses 
using different analytical methods, performed 
between October 2017 to June 2019. In addition, 
mutation testing rates and uptake of anti- EGFR 
therapy were studied in the last quarter of 2017.

METHODS
Databases
Clinical and pathology data were obtained from 
data linkage between the Netherlands Cancer 
Registry (NCR) and the nationwide network and 
registry of histopathology and cytopathology in the 
Netherlands (PALGA).16 Both databases cover the 
whole Dutch population (~17 million inhabitants). 
All newly diagnosed malignancies are registered 
in the NCR. A standardised structured dataset is 
collected from patient records consisting of basic 
patient and disease characteristics, including age, 
gender, histology, tumor- node- metastasis stage, 
performance score, the site(s) of metastasis, and 
type of first- line treatment. All pathology reports 
from the 46 Dutch pathology departments are digi-
tally archived in PALGA.

Data collection mutation analyses
Diagnostic yield of mutation analysis was studied 
from pathology reports of patients with CRC that 
were collected from PALGA using specific queries 
from 1 October 2017 to 30 June 2019. Manual 
curation of these reports showed 4060 patients 
with CRC undergoing predictive mutation anal-
yses in this 21- month study period. Details of 
the mutation analyses (ie, technique, gene panel, 
diagnostic yield) were manually extracted from 
these reports.

Data collection mutation testing rates
To study uptake of molecular testing, all patients 
that were initially diagnosed with stage IV CRC 
between 1 October 2017 and 31 December 2017 
were selected from the NCR (N=653). A trusted 
third party (ZorgTTP17) linked these data in 
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September 2019 to PALGA, which was successful for 620/653 
(94%) patients.

Data collection uptake anti-EGFR therapy
Uptake of anti- EGFR therapy was examined in patients with 
CRC that underwent molecular testing between 1 October 2017 
and 31 December 2017 (N=547). A trusted third party17 linked 

these pathology reports from PALGA to the NCR, which was 
successful for 511/547 (93%) patients. In this linked dataset, 
mutation- tailored uptake of anti- EGFR therapy was studied. 
Four hundred eighty- six patients harboured metastatic disease. 
For 402 of these patients, all lines of treatment were registered, 
while for 84 patients it was only known whether anti- EGFR 
therapy was applied or not. Maintenance or partial modification 

Figure 1 Molecular characterisation of patients with colorectal cancer (CRC). (A) Timeline and flow chart showing the search strategy to obtain all 
nationwide pathology reports of mutation analysis of patients with CRC performed between 1 October 2017 until 30 June 2019. A large proportion of 
reports was excluded as no mutation analyses were present (ie, the queries ‘molecular biology’, ‘MSI’ (microsatellite instability) and ‘MLH1’ obtained 
high amount of reports with immunohistochemistry of mismatch repair proteins). Manual curation of obtained pathology reports showed 4060 
patients with CRC undergoing predictive mutation analyses in this 21- month study period. (B) Frequency of reported KRAS, NRAS and BRAF mutations 
obtained from the pathology reports depicted in panel A. (C) Funnel plot showing the reported diagnostic yield (ie, percentage of KRAS, NRAS and 
BRAF mutations) per pathology department. Nationwide percentage and 95% CI are shown. (D) Frequency of reported KRAS, NRAS and BRAF 
mutations by multigene panel next- generation sequencing (NGS) and non- NGS analysis. (E) Mutational landscapes of CRC cases concerning KRAS, 
NRAS, BRAF, PIK3CA and ERBB2 alterations. Results of multigene panel NGS approaches are shown left and non- NGS approaches right. Each column 
represents a tumour sample. Each row represents a gene. A coloured bar represents a variant (see legend), a white bar represents no alteration and a 
grey bar represents not analysed (ie, not present in NGS panel or single gene analysis).
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(eg, due to toxicity) of therapy was not considered as new treat-
ment line.

Statistical analysis
Associations between variables were studied using the Fisher’s 
exact test using IBM SPSS Statistics (V.25). Two- sided p- values 
are reported. Turnaround time was compared using the Mann- 
Whitney U test. Funnel plots were generated to study interpa-
thology department variation in diagnostic yield.18 Differences 
in mutation testing rates over time were studied using the 
McNemar test.

RESULTS
Multi-institutional molecular characterisation of CRC cases
Mutation analysis results were obtained of 4060 patients 
with mCRC (figure 1A). Forty- eight per cent of these patients 
harboured a (likely) pathogenic mutation in KRAS, 5% in NRAS 
and 12% in BRAF (figure 1B). The KRAS p.G12C mutation was 
reported in 3.4% of the patients, for which a small molecule 
inhibitor recently showed encouraging anticancer activity in a 
phase I trial.19 Mutation analyses were performed by 23 different 
pathology departments. Limited variation was observed in 

KRAS/NRAS/BRAF mutation rates among pathology departments 
(figure 1B,C, online supplemental figure 1A). One department 
reported a significantly higher frequency (69.4%; p=0.026) and 
one department a significantly lower frequency (55.3%; p=0.04) 
than the national average (63.9%). The median turnaround time 
from initial request of the molecular analysis until authorisation 
of the pathology report was 7 working days.

Eighty- one per cent of the mutation analyses were performed 
with next- generation sequencing (NGS) using targeted gene 
panels encompassing mainly hotspot regions of 15–75 genes 
(online supplemental figure 1B,C). All methods covered at 
least exons 2 and 3 of KRAS and NRAS, and exon 15 of BRAF. 
Neither in overall reported mutation frequencies of KRAS, 
NRAS and BRAF nor in the number of failed analyses signif-
icant differences between NGS and the remaining techniques 
were observed (figure 1D). Studying the different mutation 
types in more detail showed enriched detection of BRAF muta-
tions other than codon 600 by multigene panel NGS (1.7% vs 
0.5%, p=0.018; figure 1E). Also (likely) pathogenic PIK3CA 
mutations (10% vs 2%), (likely) pathogenic ERBB2 mutations 
(0.6% vs 0%) and ERBB2 amplifications (0.6% vs 0%) were 
enriched on NGS analyses (p<0.05). These differences were 

Figure 2 Mutation testing rates of patients with metastatic colorectal cancer (CRC). (A) Timeline and flow chart showing the data collection of the 
pathology reports of all patients with CRC diagnosed with synchronous metastasis between 1 October and 31 December 2017. These patients were 
obtained from the Netherlands Cancer Registry and linked to the Dutch Pathology Registry (PALGA) by a trusted third party in September 2019. This 
linked dataset was used to study the mutation testing rates. Unlinked patients with CRC were mainly caused by absence of a pathological diagnosis. 
(B) The uptake of mutation analysis for patients with stage IV CRC after different periods of follow- up: 1–3 months, 6–9 months, 12–15 months and 
20–23 months of follow- up. Data are shown for the whole cohort (N=620) and corrected for patients alive 1 month after initial diagnosis (N=571), 
6 months after diagnosis (N=436), 12 months after diagnosis (N=321) and after 21 months (N=227). The McNemar test was applied to study 
significance. **P <0.001.
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due to more comprehensive testing of NGS- approaches. An 
overview of reported variants in other genes in the NGS panels 
is shown in online supplemental figure 2.

Mutation testing rates of patients with mCRC
Uptake of mutation analysis was studied in patients with mCRC 
that were diagnosed with stage IV disease in the fourth quarter 
of 2017 (figure 2A). Mutation testing rates gradually increased 
over time from diagnosis, that is, from 24% after 1–3 months of 
follow- up to 60% after 20–23 months of follow- up (p<0.001; 
figure 2B). Uptake of mutation analysis was enriched in patients 
diagnosed with mCRC below age 70 years, left- sided tumours, 
metastases in multiple organs (M1b), metastasis in peritoneum 
only (M1c), moderately differentiated tumours, and a good 
performance status (online supplemental table 1 and figure 3).

Mutation informed targeted therapy choices
Uptake of anti- EGFR therapy was studied for patients with mCRC 
that underwent mutation analysis in 2017- Q4 (figure 3A). Forty- 
seven point nine per cent (233/486) of the patients with mCRC 

were reported to have no mutations in KRAS or NRAS and hence 
were candidates for anti- EGFR therapy. Thirty- three per cent 
(76/233) of these patients indeed received anti- EGFR therapy. 
Uptake was 17% (23/135) for patients without KRAS or NRAS 
mutations that received one or two lines of treatment compared 
with 67% (42/63) for patients without KRAS or NRAS muta-
tions that received three or more lines of treatment (p<0.001; 
figure 3B,C). Anti- EGFR therapy was applied in 4.9% (4/81) 
mCRC with mutations in KRAS or NRAS (N=3 codon 12; N=1 
codon 13), and in 7.4% (6/81) of cases with a BRAF p.V600E 
mutation.

DISCUSSION
Mutation analyses of patients with mCRC generated consistent 
KRAS/NRAS/BRAF mutation rates independent of the analytical 
method, showing that both multigene NGS panels and single 
gene tests can be used to stratify patients with mCRC for anti- 
EGFR therapy. The current number of predictive biomarkers for 
mCRC is modest and all molecular targets required for currently 
registered targeted therapeutics can be adequately assessed by 

Figure 3 Uptake of anti- epidermal growth factor receptor (EGFR) therapy in patients with metastatic colorectal cancer (mCRC). (A) Time line 
and flow chart showing the data collection of both synchronous and metachronous mCRC that underwent mutation analysis between October 
and December 2017. These patients were linked to the Netherlands Cancer Registry by a trusted third party, enabling therapy registration of these 
patients. Twenty- five of the patients were excluded for further analysis, as they were diagnosed with stage I–III CRC in 2017 and hence were no 
candidates for anti- EGFR therapy. Patient records were fully updated including specification of all treatment lines for patients with diagnosis of the 
primary tumour from 2015 onwards (N=402). For patients with a primary tumour before 2015 (N=84), registration was limited to whether anti- EGFR 
therapy was applied or not. Unlinked cases were caused by limitations in the linkage procedures. (B) Uptake of anti- EGFR therapy in patients without 
a KRAS or NRAS mutation merged over all treatment lines (left). In the right panel of the graph uptake for patients that received one or two treatment 
lines is compared with patients receiving three or more treatment lines. NB: for 35 patients without a KRAS or NRAS mutation it was only registered 
whether anti- EGFR therapy was applied or not. The Fisher’s exact test was applied to study differences in molecular testing rates. **P<0.001. 
(C) Overview of the proportions of patients that were treated with anti- EGFR therapy per treatment line. The number of patients present in each line is 
depicted on top of each bar.
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single gene tests combined with immunohistochemical analysis 
of mismatch repair proteins and NTRK fusions. Nevertheless, 
multigene panel NGS is a more comprehensive alternative, if 
used cost- effectively, enabling upfront identification of patients 
with rare alterations linked to anti- EGFR therapy resistance (eg, 
ERBB2 amplifications) and rare driver mutations that facilitate 
enrolment into clinical trials.

Limited variation was observed in KRAS, NRAS and BRAF 
mutation rates among the 23 pathology departments that 
performed mutation analyses as only two departments showed 
aberrant mutation frequencies compared with the national 
average. However, large variation was observed in the number 
of predictive biomarker tests performed per laboratory, ranging 
from less than 1–30 analyses per month, which limited the 
comparative power.

Unlike international guidelines,7–9 the Dutch guidelines in 
2017 recommended to use anti- EGFR therapy only in later 
treatment lines.10 This recommendation likely explains our 
observations that molecular testing rates increased over time 
after diagnosis of stage IV disease and anti- EGFR therapy was 
mainly applied in later treatment lines. In turn, these observa-
tions indicate that a selective, costs- saving approach was used 
to perform mutation analysis to select patients for anti- EGFR 
therapy. Nevertheless, mutation testing rates of 60% suggest 
that anti- EGFR is not considered for all patients with mCRC. 
These data are in line with previously reported studies, showing 
an uptake of KRAS testing varying between 35% and 69%.11–15 
New guidelines as well as the availability of promising therapy 
for patients with BRAF p.V600E and KRAS p.G12C mutant 
mCRC will likely accelerate mutation testing rates.19–22

The use of real- world clinical and pathology data on a nation-
wide scale shows the strength of linkage of both the NCR and 
PALGA. However, the use of existing registries also necessitates 
accepting limited data collection due to predefined collection 
strategies. In the current study design, we could not confirm that 
all patients with mCRC receiving anti- EGFR therapy were eval-
uated for presence of KRAS, NRAS and BRAF mutations before 
start of the therapy. This requires attention in future research 
as inferior response rates for patients with KRAS mutations 
and high costs of anti- EGFR therapy compared with the costs 
of mutation analysis, clearly necessitate mutation analysis for 
patients who are candidates for anti- EGFR therapy.23–26

In conclusion, nationwide real- world data show that hotspot 
mutations in KRAS, NRAS and BRAF for stratification of anti- 
EGFR therapy in patients with mCRC were consistently detected 
by both multigene NGS panels and single gene tests, which were 
selectively applied depending on the treatment line. Combined 
with immunohistochemical analysis of mismatch repair defi-
ciency proteins and NTRK fusions, these genomic alterations 
encompass all molecular biomarkers to stratify patients with 
mCRC for currently registered targeted therapeutics. Multigene 
panel NGS is a comprehensive alternative for single gene tests if 
used cost effectively or to identify patients with CRC for clinical 
trials.

Handling editor Runjan Chetty.
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