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Abstract
Background  Next-generation sequencing is widely used for comprehensive molecular profiling for many cancers including 
lung cancer. However, the complex workflows and long turnaround times limit its access and utility. ChromaCode’s High 
Definition PCR Non-Small Cell Lung Cancer Panel (HDPCR™ NSCLC Panel) is a low-cost, rapid turnaround, digital 
polymerase chain reaction assay that is designed to detect variants in nine NSCLC genes listed in National Comprehensive 
Cancer Network guidelines.
Methods  This assay uses TaqMan® probe limiting chemistry and proprietary analysis software to enable multi-target detec-
tion within a single-color channel. We compared the performance of the HDPCR™ NSCLC Panel against an in-house, 
laboratory-developed, targeted next-generation sequencing panel used in the Molecular Diagnostics Laboratory at the Uni-
versity of Minnesota Medical Center to detect biomarkers for NSCLC.
Results  The overall accuracy of the HDPCR panel was 99.48% (95% confidence interval 99.01–99.76) with a sensitivity 
of 95.35% (95% confidence interval 88.52–98.72) and a specificity of 99.69% (95% confidence interval 99.29–99.90). The 
HDPCR wet lab workflow was 4 h, and the time to generate variant calls from raw data using the ChromaCode Cloud was 
2 minutes.
Conclusions  We demonstrated that the HDPCR™ NSCLC Panel provides timely, comprehensive, and sensitive mutation 
detection in NSCLC samples with results in less than 24 h.

1  Introduction

Lung cancer remains a global leading cause of cancer-
related deaths, with approximately 1.8 million deaths 
worldwide each year [1]. The most frequent histopatho-
logic subtype is non-small cell lung cancer (NSCLC), 
which accounts for 80–85% of new lung cancer cases [2]. 
Molecular profiling of NSCLC has identified several tar-
gets that have therapeutic relevance, notably KRAS and 
EGFR [3]. KRAS is the most commonly altered gene 
(25–30% of NSCLC cases), with 13% of lung adenocar-
cinomas harboring the KRASG12C mutation, which are 

targeted by the recently US Food and Drug Administra-
tion-approved drugs sotorasib and adagrasib [4, 5]. Acti-
vating EGFR alterations are heterogeneous, occurring in 
10–15% of Caucasian patients and up to 50% in East-Asian 
patients, as well as in advanced-stage NSCLC [6]. Current 
and emerging EGFR tyrosine kinase inhibitors are being 
developed to target the most common EGFR alterations 
and their resistance mechanisms [7]. However, the pres-
ence of other targetable genomic alterations in a smaller 
percentage of patients necessitates comprehensive molec-
ular profiling for a large number of targets to improve 
prognostic and predictive accuracy among patients with 
NSCLC. These rare targetable alterations in NSCLC 
include BRAFV600E (1.37%) [3], MET exon 14 skipping 
events (2.6%) [8], ALK rearrangements (5–6%) [9], and 
oncogenic fusions in ROS1 and RET (1–2%) [10]. This has 
made next-generation sequencing (NGS) the platform of 
choice for comprehensive detection of various single base 
substitutions, insertion/deletions, and fusions that guide 
targeted therapies for NSCLC [11, 12]. However, the large 
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Key Points 

We have shown that the High Definition PCR Non-Small 
Cell Lung Cancer (HDPCR™ NSCLC) Panel provides 
timely, comprehensive, and sensitive mutation detection 
in non-small cell lung cancer samples with results in less 
than 24 h.

Not accounting for nucleic acid extraction, the HDPCR 
NSCLC panel yields results in a single day compared 
with a minimum of 3 days required for the next-genera-
tion sequencing workflows.

While the HDPCR NSCLC Panel has its limitations 
with comprehensive coverage of all possible mutations 
in NSCLC compared with next-generation sequencing, 
it stands out for its cost effectiveness, fast turnaround 
times, and user friendliness, making it a promising alter-
native in various clinical settings.

capital investment, complex technical workflows, and rela-
tively long turnaround times for NGS-based assays limit 
its access and utility.

Emerging polymerase chain reaction (PCR) methods, 
such as digital PCR (dPCR), have enhanced sensitivity and 
have been increasingly exploited in molecular research and 
diagnostics [13]. This technology is based on compartmen-
talizing single nucleic acid molecules into numerous identi-
cal partitions or compartments, followed by PCR amplifi-
cation. Each compartment harbors a micro-PCR reaction, 
containing at least one or none of the amplified target mol-
ecules (DNA or RNA), which are then precisely quantified 
based on the presence or absence of reaction fluorescence 
[13, 14]. An example of a clinical application of a dPCR 
assay is the validation of dPCR to detect the common EML4-
ALK gene rearrangement in lung adenocarcinoma samples 
[15]. One significant drawback of dPCR assays is that they 
are not easily multiplexed with other assays. For instance, 
most multiplex dPCR assays have only been validated to 
target a few genes, such as EGFR and KRAS in both for-
malin-fixed paraffin-embedded (FFPE) tumor specimens 
and circulating tumor DNA liquid biopsy samples [16–24]. 
This limited multiplexing capability limits the utility of tra-
ditional dPCR assays for comprehensive mutation detection 
in NSCLC.

ChromaCode’s High Definition PCR (HDPCR™) enables 
multiplexing within fluorescence color channels on dPCR 
instrumentation, yielding a 10× target density over tradi-
tional dPCR. HDPCR allows for the detection of up to 50 
targets in a single dPCR reaction well with a relatively low 

sample input and familiar PCR workflow. The HDPCR panel 
uses TaqMan® probe-limiting chemistry and proprietary 
analysis software to enable multi-target detection within a 
single color channel on the QIAcuity dPCR system (Qiagen, 
Hilden, Germany). HDPCR allows targets to have unique 
endpoint fluorescence intensity levels, resulting in distinct 
partition populations within the same color channel. The 
fluorescent signal is deconvoluted through digital signal pro-
cessing in the ChromaCode Cloud™ analysis software for 
result interpretation. This multiplexing capability has been 
demonstrated by Rajagopal et al. [25] using existing reverse 
transcription-PCR instruments with traditional chemistries. 
The ChromaCode assay targets somatic cancer variants asso-
ciated with NSCLC listed in the current National Compre-
hensive Cancer Network guidelines [26], including variants 
in EGFR, BRAF, KRAS, ERBB2, ALK, ROS1, RET, MET, 
and NTRK (Table 1). We evaluated the performance of a 
research use-only qualitative HDPCR NSCLC assay devel-
oped by ChromaCode and compared its performance against 
a targeted NGS assay.

2 � Materials and Methods

2.1 � HDPCR NSCLC Assay (ChromaCode, Carlsbad, 
CA, USA)

ChromaCode’s HDPCR NSCLC assay is designed for mul-
tiplexed detection of ten DNA and five RNA alterations 

Table 1   Targetable genomic alterations and well orientation of 
ChromaCode’s High Definition PCR assay

SNV single nucleotide variant

Well Target Type

1 EGFR exon 19 deletions Deletion
EGFR L858R SNV
EGFR T790M SNV
BRAF V600E SNV
EGFR S768I SNV

2 EGFR L861Q SNV
EGFR G719X SNV
EGFR exon 20 insertions Insertion/duplication
KRAS G12C SNV
ERBB2 (HER2) exon 20 insertions Duplication

3 RET fusions Fusion
ROS1 fusions Fusion
ALK fusions Fusion
NTRK fusions 1/2/3 Fusion
MET exon 14 skipping Fusion
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split across three subassay wells, including single nucleo-
tide variants, indels, and fusion variants in nine NSCLC 
genes according to National Comprehensive Cancer Net-
work guidelines, EGFR, BRAF, KRAS, ERBB2, ALK, ROS1, 
RET, MET, and NTRK on the QIAcuity, 5-plex digital PCR 
system (Table 1). This assay requires nucleic acid samples 
to be diluted to a working concentration of 1 ng/μL for a 
total sample input of 20 ng per reaction (40 ng of DNA and 
20 ng of RNA), though a previous study illustrated limit of 
detection down to 15 ng of DNA and 5 ng of RNA [27]. The 
assay comprises three separate reaction mixes: a single RNA 
detection well and two DNA detection wells. Each reaction 
mix includes calibrator material, which defines the different 
fluorescence intensity levels for proper target identification. 
These built-in calibrators, along with genomic DNA primers 
and probes, allow well-specific quality-control. A built-in 
coding technology redundantly encodes select targets across 
multiple channels, allowing for higher multiplexing capa-
bilities. This coding algorithm enables multiple targets to 
be detected within each channel by replicating some targets 
across color channels at different signal intensity levels, as 
well as maximizing the distance between targets in single 
and multiple presences to ensure proper identification. The 
data analysis and interpretation of results are facilitated 
using ChromaCode’s automated software, ChromaCode 
Cloud. ChromaCode Cloud is a web-based software platform 
that enables the deployment of HDPCR assays without the 
need for on-premise installation. It provides full automation 
of the processing, interpretation, and reporting of assay data. 
The algorithm determines the positive call by analyzing the 
combination of each detected partition population across 
all color channels compared to the internal calibrator and 
displays the results on ChromaCode Cloud. The Chroma-
Code Cloud software helps streamline the lab workflow and 
data processing to accelerate turnaround times for results. 
Of note, a local data analysis solution is currently unavail-
able. However, the cloud-based solution is fully compliant 
with Health Insurance Portability and Accountability Act 
regulations and facilitates data analysis without requiring 
additional IT approvals. Data can be stored in the HIPAA-
compliant cloud, or if necessary, it can be locally stored and 
subsequently removed from the cloud following analysis.

2.2 � NGS Assays (Comparator Assays)

Genomic nucleic acid was extracted using the Qiagen (Qia-
gen, Hilden, Germany) QIAamp® FFPE Tissue Kit (Cat. 
56404) or the Promega (Promega, Madison, WI, USA) 
Maxwell® RSC DNA FFPE kit (Cat. AS1450). DNA and 
RNA quantification was performed by the Qubit™ 2.0 
Fluorometer (Thermo Fisher Scientific, Waltham, MA, 
USA) using the following kits: Qubit™ 1X dsDNA High 

Sensitivity Kit (Cat. Q33231) and Qubit™ RNA High Sen-
sitivity Kit (Cat. Q10210), respectively.

The DNA-based genomic alterations were detected using 
two clinically validated, laboratory-developed NGS tests by 
the Molecular Diagnostics Laboratory at the University of 
Minnesota. Before December 2022, an amplicon-based NGS 
assay was used for molecular profiling of NSCLCs. Since 
December 2022, a hybrid capture-based NGS assay has been 
employed for genomic testing of all NSCLCs.

Amplicon-based NGS libraries were prepared using an 
amplicon-based target enrichment method on either the Flui-
digm Biomark™ (Standard BioTools, South San Francisco, 
CA, USA) Access Array System (integrated microfluidics 
circuit PCR, “IFC”) or on a parallel low-input PCR method 
(off-chip, “OC”) for a subset of genes. The enriched DNA 
libraries were then sequenced on an Illumina (Illumina, San 
Diego, CA, USA) MiSeq system. Amplicons with less than 
500× minimum coverage were flagged for limited analytic 
performance. Variant call files were filtered to remove calls 
with variant allele fractions (VAF) less than thresholds 
defined for single nucleotide variants (5–10%) and insertion/
deletion variants (1–5%). The estimated analytic sensitivity 
from validation data was 98.6% (95% confidence interval 
[CI] 0.9511–0.9962), and the specificity was 99.1% (95% 
CI 0.9667–0.9974). For more information on the ampli-
con-based assay methodology, please refer to the detailed 
description provided by Henzler et al. [28].

Hybrid capture-based NGS libraries were prepared using 
a custom-designed hybrid capture-based assay (Integrated 
DNA Technologies, Coralville, IA, USA). The enriched 
DNA libraries were then sequenced on an Illumina MiSeq 
or NextSeq 550 instrument. The specificity threshold was 
empirically set at 5% VAF but the bioinformatic pipeline 
variant call file output includes all variants with five or 
more sequencing reads with the variant (1% VAF). The esti-
mated analytic sensitivity from validation data was 99.4% 
(95% CI 0.968–0.999), and specificity was 99.9% (95% CI 
0.996–0.999).

In both methodologies, FASTQ files were processed 
through a custom-developed bioinformatics pipeline to call 
sequence variants (single nucleotide variants and insertion-
deletion variants). Variant call files were annotated with 
GenomOncology (GenomOncology, Cleveland, OH, USA) 
software and reviewed for data quality and clinical utility by 
genomic analysts and board-certified molecular pathologists.

Similarly, two approaches were employed for detecting 
RNA-based clinically significant gene fusions and rearrange-
ments. Before 2021, an amplicon-based NGS assay was 
utilized to identify targeted, recurring, clinically relevant 
gene fusions with or without fusion partners. Total nucleic 
acids (TNA) were isolated from the sample, and sequencing 
libraries were prepared using a laboratory-validated ampli-
con-based protocol. The extracted TNA were converted to 
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cDNA via initial reverse transcription-PCR, followed by 
gene-specific PCR for relevant regions of ALK, ROS1, RET, 
MET, NTRK1, and NTRK3. This was followed by tagging 
PCR, purification, quantification, and loading on an Illumina 
MiSeq instrument for sequencing. FASTQ files were pro-
cessed through a laboratory-validated bioinformatics pipe-
line provided by Asuragen (Austin, TX, USA). Copy number 
determination was performed for quality control following 
reverse transcription-PCR. During the Clinical Laboratory 
Improvement Amendments validation, the assay’s analytical 
sensitivity and specificity were determined to be 95.9% (95% 
CI 0.80–0.99) and 100% (95% CI 0.87–1.0), respectively.

Starting in 2021, the Archer® (ArcherDx, Boulder, CO, 
USA) FusionPlex® Pan Solid Tumor Panel was imple-
mented in-house as a fusion assay. This is an RNA-based 
NGS test that has been validated to detect clinically sig-
nificant gene fusions and oncogenic isoforms across 109 
genes targeted by this assay. The assay uses anchored 
multiplex PCR chemistry to enable the detection of both 
known and unknown fusion partners. Anchored multiplex 
PCR was utilized to prepare the library, which is then 
sequenced on an Illumina instrument. Archer Analysis 
software is used to process the generated FASTQ files and 
produce results. During Clinical Laboratory Improvement 
Amendments validation, the assay exhibited analytical 
sensitivity and specificity of 100% (95% CI 0.921–1 and 
95% CI 0.998–1, respectively). All reference DNA and 
RNA NGS assays offered comprehensive coverage of all 
genes and hotspots targeted by ChromaCode’s HDPCR 
assay.

2.3 � Sample Collection

Samples were selected using an internal LIS software 
search tool using the gene symbol and disease name “lung 
cancer”. Negative control samples were searched in a simi-
lar manner using the disease name and the result “nega-
tive”. Total nucleic acids and/or DNA samples extracted 
from FFPE/cytology/frozen specimens were used in this 
study. Total nucleic acid samples were stored at −80 °C 
and DNA samples were stored at 4 °C till analysis. The 
original FFPE specimens had a minimum tumor cellularity 
of 10%. A total of 126 sample aliquots were retrieved. Of 
note, all but seven samples were obtained from lung cancer 
specimens owing to the rarity of variants available for our 
validation. These samples included samples from (a) colon 
cancer; METe14 skipping, (b) papillary thyroid cancer; 
TPM3-NTRK1, (c) papillary thyroid cancer; NTRK3-ETV6, 
(d) tumor of unknown origin; EGFR D770delinsGY, (e) 
papillary thyroid cancer; ANKRD26-RET, (f) papillary 
thyroid cancer; EML4-RET, and (g) CAP survey 2023A; 
EGFR S768I.

2.4 � Validation Study Design

We evaluated the performance of the HDPCR NSCLC panel 
against an in-house, laboratory-developed, targeted NGS 
panel used in the Molecular Diagnostics Laboratory at the 
University of Minnesota Medical Center to detect biomark-
ers for NSCLC. The validation study included 126 samples 
from stored post-extraction aliquots. Six samples did not 
produce valid results because of insufficient sample mate-
rial. The samples came from FFPE, frozen, and cytology 
specimens. The remaining 120 samples consisted of 89 posi-
tive samples containing at least one DNA/RNA alteration 
and 31 negative samples (from specimens without clinically 
relevant mutations/fusions in the listed genes).

DNA and RNA samples were analyzed using the HDPCR 
assay per the manufacturer’s instructions. The assay com-
prises two wells for all DNA targets and one well for all 
RNA targets. Samples were run on the Qiagen QIAcuity® 
dPCR instrument, and results were generated with Chroma-
Code Cloud™, a proprietary cloud-based technology plat-
form and reporting software. Samples that yield discordant 
results for RNA targets were resolved using the Archer® 
FusionPlex® Pan Solid Tumor Panel.

2.5 � Statistics

The sensitivity of the HDPCR assay was calculated using the 
formula: sensitivity = (true positive)/(true positive + false 
negative). True positive (TP) refers to samples that tested 
positive for a genomic alteration by both the reference NGS 
method and the HDPCR method. False negative (FN) refers 
to samples that tested positive for a genomic alteration by 
the reference NGS method but were negative for the altera-
tion by the HDPCR method. The specificity of the HDPCR 
assay was calculated using the formula: specificity = (true 
negative)/(true Negative + false positive). True negative 
(TN) refers to samples that tested negative for a genomic 
alteration using both the reference NGS and HDPCR meth-
ods. False positive (FP) refers to samples that tested positive 
using the HDPCR method but tested negative using the ref-
erence NGS method. The accuracy of the HDPCR assay was 
calculated using the formula: accuracy = (TP + TN) (TP + 
TN + FP + FN). The 95% CIs for the sensitivity, specificity, 
and accuracy were determined using the Clopper-Pearson 
Exact Method with the MedCalc Software Ltd. diagnostic 
test evaluation calculator:

(https://​www.​medca​lc.​org/​calc/​diagn​ostic_​test.​php, Ver-
sion 22.026).

2.6 � Ethics Approval

The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review 

https://www.medcalc.org/calc/diagnostic_test.php
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Board of the University of Minnesota (protocol code 
STUDY00017413 on 31 October, 2022).

3 � Results

Out of 126 retrieved samples, only 120 underwent analy-
sis, as six samples had insufficient amounts of TNA/RNA. 
There were 86 distinct DNA/RNA alterations out of a total 
of 1725 alterations that were evaluated using the Chroma-
Code HDPCR NSCLC Panel. Four samples had two con-
current alterations. Table 2 summarizes the number of 
positive and negative target calls and the preliminary per-
formance data. Before discordant resolution and assay opti-
mization, the HDPCR panel had a sensitivity of 88.17% 
(95% CI 79.82–93.95) and a specificity of 99.69% (95% CI 
99.29–99.90) with an overall accuracy of 90.07% (95% CI 
98.50–99.47) (Table 2).

3.1 � Discordant Resolution

Sixteen discordant results were further investigated by re-
evaluating the data from the comparator and HDPCR assays 
or retesting the sample with a comparator assay when pos-
sible (Table 3). Six discordant results occurred because 
the HDPCR assay was not inclusive to specific genomic 
regions where alterations were detected by the comparator 
assay (Table 3). In one case (sample ID: 049), a RET fusion 
was detected through the former amplicon-based fusion 
assay but could not be confirmed by the newer Archer assay 
(both assays are detailed in the methods section). Therefore, 
the negative HDPCR result for this particular sample was 
deemed to be a true-negative result (Table 3). Among the 
remaining nine discrepancies, two samples were insufficient 
to evaluate the cause of the discrepancy between the two 
assays. One of these two samples that could not be further 
evaluated had low levels of ALK (sample ID:076) in the 
HDPCR assay that could not be confirmed by the original 
fusion assay. Specifically, the ALK alteration was detected 
at low levels in the presence of a RET fusion, suggesting 

that there may be some bleed-over of signals between dif-
ferent RNA targets. Of the remaining seven discrepancies, 
one sample (sample ID: 021) with a MET exon skipping 
alteration (VAF: 73.78%) was not detected, which should 
be targeted by the HDPCR assay. A false-positive EGFR 
L858R alteration was detected by HDPCR (sample ID: 
022), while a manual review of the NGS data showed no 
evidence of any genetic alteration at this position (Table 3). 
This sample showed inflated internal control counts, indi-
cating the sample may have been overloaded. As such, the 
observed EGFR L858R false positive may be explained 
by increased noise because of sample overloading, as the 
observed count for the variant was just above the thresh-
old. The third sample (sample ID:067) had an EGFR L858R 
that was correctly called by the HDPCR assay; however, 
a false-positive ROS1 fusion was found that could not be 
confirmed by the newer Archer assay. The fourth discrepant 
sample showed low levels of RET fusions (sample ID: 084) 
in the HDPCR assay that could not be confirmed by either 
the original fusion assay or retest by the newer Archer assay, 
representing a false-positive result for the RET fusion. The 
fifth sample failed to detect an ALK rearrangement that was 
detected by the original fusion assay (sample ID: 075). A 
review of the HDPCR internal control in this sample showed 
low counts, suggesting sample degradation or underloading 
of the sample. The sixth sample produced two discordant 
results (sample ID: 2.29). One result was an ALK fusion 
with breakpoints known to be inclusive, which was therefore 
deemed false negative for the ALK fusion. The other result 
(RET fusion) could not be confirmed by the newer Archer 
assay, representing a false-positive result for the RET fusion.

3.2 � Turn‑Around Time Comparison

Post-sample extraction, the HDPCR wet lab workflow was 
4 hours, and the time to generate variant calls from raw data 
using the ChromaCode Cloud was 2 minutes. In compari-
son, the wet lab workflow for the DNA NGS assay averaged 
30 non-consecutive hours and required approximately 4 h 
for bioinformatics interpretation spanning a minimum of 3 

Table 2   Number of positive and negative target calls, including the preliminary performance data before discordant resolution and assay optimi-
zations

CI confidence interval, HDPCR High Definition PCR, NGS next-generation sequencing

Positive calls (NGS) Negative calls (NGS) Total

Positive calls (HDPCR) 82 5 87
Negative calls (HDPCR) 11 1627 1638
Total 93 1632 1725
Initial HDPCR assay sensitivity 88.17% (CI 79.82–93.95)
Initial HDPCR assay specificity 99.69% (CI 99.29–99.90)
Initial HDPCR assay accuracy 90.07% (CI 98.50–99.47)
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Table 3   List of discordant samples, characteristics, analysis and resolution (if applicable)

Comparator 
result (sample 
ID)

HDPCR 
final result

Variant characterization VAF (com-
parator)

HDPCR 
%MAFa

Discordant 
resolution 
in favor of 
HDPCR 
result

Comments

EGFR exon 
20 insertion 
(002)

Negative EGFR N771_P772insG 
(c.2313_2314insGGT)

0.3183 N/A Yes Variant is outside inclusivity.
Result updated to TN. Low 

internal control counts indicating 
possible sample degradation or 
underloading

EGFR exon 
20 insertion 
(2.01)

Negative EGFR D770delinsGY 
(c.2308_2309insGTT)

0.33 N/A Yes Variant is outside inclusivity.
Result updated to TN

EGFR exon 
20 insertion 
(2.07)

Negative EGFR N771dup 
(c.2311_2313dupAAC)

0.264 N/A Yes Variant is outside inclusivity.
Result updated to TN

ROS1 fusion 
(019)

Negative Raw NGS/fusion data not available
Per clinical report: MYH9-

ROS1; breakpoint: 
chr22:36692889,chr6:117641193

N/A N/A Yes Variant is outside inclusivity.
Result updated to TN

RET fusion 
(2.05)

Negative Raw NGS fusion data not available
Per clinical report: ANKRD26-

RET

N/A N/A Yes Variant is outside inclusivity.
Result updated to TN

RET fusion 
(049)

Negative Raw NGS/fusion data not available
Per clinical report: RET 3′ 5′ 

imbalance (Ratio: 2.6129)

N/A N/A Yes RET alteration was not detected 
on retesting by the new in-house 
archer assay.

Result updated to TN
EGFR exon 

20 insertion 
(008)

Negative EGFR D770delinsGY 
(c.2308_2309insGTT)

0.3943 N/A Yes Variant is outside inclusivity.
Result updated to TN

MET exon 
14 skipping 
(015)

Negative Raw NGS/fusion data not available.
Per clinical report: MET exon 14 

skipping event detected (3′ 5′ 
imbalance)

N/A N/A No It should be inclusive; however, 
the remaining sample was 
exhausted (QNS).

Discordant resolution could not be 
performed

RET fusion 
(076)

ALK + 
RET 
fusions

KIF5B-RET (unique reads: 80; 
total reads: 727, % reads: 72.15)

N/A ALK =  
3%

RET = 
65.8%%

No The remaining sample was 
exhausted (QNS).

Discordant resolution could not be 
performed

ALK fusion 
(075)

Negative Per clinical report: EML4-
ALK; breakpoint: 
chr2:42472827,chr2:29446394

N/A N/A No It should be inclusive, thus FN. 
Low internal control counts indi-
cating possible sample degrada-
tion or underloading

MET exon 
14 skipping 
(021)

Negative Raw NGS/fusion data not available
Per clinical report, MET exon 14 

skipping event was detected. 
Sequence variant on concurrent 
NGS: MET c.3082+1G>T

0.7378 N/A No MET skipping was detected by 
newer SoC assay (originally per-
formed on the former amplicon-
based fusion assay). Unique 
reads: 523; Total reads: 6859; % 
Reads: 97.17

HDPCR results showed low 
internal control counts indicating 
possible sample degradation or 
underloading
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Table 3   (continued)

Comparator 
result (sample 
ID)

HDPCR 
final result

Variant characterization VAF (com-
parator)

HDPCR 
%MAFa

Discordant 
resolution 
in favor of 
HDPCR 
result

Comments

Negative (022) EGFR 
L858R

See comments section N/A 0.25% No Original sequencing data 
reviewed. NGS amplicon reads 
at the coordinates show 100% 
reference reads (T: 100%). 
HDPCR results show inflated 
internal control counts indicative 
of sample overloading

EGFR L858R 
(067)

EGFR 
L858R + 
ROS1

Raw NGS/fusion data not available
Per clinical report, ROS1 fusion 

was not detected

N/A EGFR 
L858R = 
16.46%

ROS1 = 
4.85%

No ROS1 alteration was not detected 
on retesting by the SoC assay

Negative (084) RET fusion Raw NGS fusion data not available
Per clinical report: RET fusion was 

not detected

N/A 4.13% No RET alteration was not detected on 
retesting by the SoC assay

ALK fusion 
(2.29)

RET fusion Per clinical report: EML4-
ALK; breakpoint: 
chr2:42472827,chr2:29446394

N/A N/A No (RET + 
ALK)

RET alteration was not detected 
by the SoC assay (FP for RET). 
However, ALK fusion variant 
was detected (FN for ALK)

FN false negative, HDPCR High Definition PCR, MAF minor allele frequency, N/A not available/applicable, NGS next-generation sequencing, 
QNS quantity not sufficient, SoC standard of care (comparator method), TN true negative, VAF variant allele frequency
a Mean %MAF in the event of sample replicates

days. The wet lab workflow for the RNA NGS assay aver-
aged 40 non-consecutive hours and required about 4 h for 
bioinformatics interpretation, also spanning a minimum of 3 
days. Figure 1 summarizes a workflow comparison between 
the HDPCR NSCLC Panel and the comparator NGS assay.

3.3 � Default Detection Threshold Adjustments 
to Improve Assay Performance

The ChromaCode Cloud software enables the user to 
adjust target-specific detection thresholds to maximize 
assay performance with consideration to system variabil-
ity. Furthermore, it is recommended that detection thresh-
olds be determined based on limit of blank and limit of 
detection studies to ensure confidence in distinguishing 
a positive signal from noise while maintaining detec-
tion sensitivity. In this study, four false-positive calls for 
fusion variants were observed near (within two-fold of) the 
default detection thresholds that could be mitigated with 
detection threshold adjustments. Figure 2 illustrates the 
observed target-specific counts and detection threshold.

To illustrate the utility of customizable thresholds, the 
data from this study were reprocessed through the Chroma-
Code Cloud analysis software using updated thresholds 
that aimed to mitigate false positives and increase sample 
quality-control passing rates. Table 4 details the default 

and updated thresholds for each target across the three sub-
assay wells. The thresholds for EGFR L858R, ALK, RET, 
and ROS1 were increased to mitigate false-positive detec-
tion while the internal control threshold was decreased for 
the well 1 and well 2 assays to increase sample passing 
rates, leading to an increase in true-positive detections. 
There were four samples that yielded passing results that 
had previously failed because of internal control failures. 
There were five false-positive calls including one ALK, 
two RET, one ROS1, and one EGFR L858R that were con-
verted to true-negative calls. Thus, customizing the default 
thresholds can help improve the assay performance in indi-
vidual laboratories.

3.4 � Enhanced HDPCR Assay Performance Data

After discordant resolution and assay optimization, the 
HDPCR panel had an improved sensitivity of 95.35% 
(95% CI 88.52–98.72) and a specificity of 99.69% (95% CI 
99.29–99.90) with an overall accuracy of 99.48% (95% CI 
99.01–99.76). The performance characteristics after discord-
ant resolution and assay optimization for individual altera-
tions are shown in Figs. 3 and 4 and in Table 2 of the Elec-
tronic Supplementary Material (ESM).
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4 � Discussion

This study demonstrates the robust and accurate performance 
of the ChromaCode HDPCR NSCLC assay in detecting 15 
alterations in nine genes targeted by this assay. Thus, the 
information obtained provides a comprehensive overview 
of the patient’s disease state and supports informed deci-
sions for precision medicine-targeted therapies, with results 
possible in 24–48 h. Accompanied by the proprietary bioin-
formatics suite, the ChromaCode Cloud™, data processing, 

and storage are simplified into reports with quality-control 
results, variant calls, and summary statistics. We have dem-
onstrated that this assay is sensitive enough to detect DNA 
variants down to below a 10% allele fraction (the lowest 
detectable target was at 6.4% VAF) with high concordance 
with sequencing-based assays. In addition, the HDPCR 
NSCLC assay requires a minimum input (15 ng of DNA 
and 5 ng of RNA), which makes it a suitable alternative 
for testing low-input samples that do not meet the quality 
requirements for NGS assays [29]. Furthermore, we utilized 
the built-in customization tools to further enhance our assay 

Fig. 1   Comparison of High Definition PCR (HDPCR) workflow 
against next-generation sequencing (NGS) comparator methods. This 
graph compares the turnaround times (in hours) between the HDPCR 
non-small cell lung cancer (NSCLC) assay and the DNA and RNA 
NGS panels, which are used as comparators. The breakdown of steps 
is also included in the graph and color coded for clarity. Please refer 

to the methods section for further details. Not accounting for nucleic 
acid extraction, the HDPCR NSCLC assay yields results in a single 
day compared to a minimum of 3 days required for the NGS work-
flows. LDT laboratory developed test, Prep preparation, QC quality 
control, RUO research use only

Fig. 2   Observed target-specific counts and detection thresholds. 
Observed target-specific counts color coded by false negative (FN, 
blue), false positive (FP, red), true negative (TN, purple), and true 
positive (TP, green). Red dotted lines indicate the default target-spe-
cific detection thresholds. Each target’s detection threshold could be 

customized to mitigate FP calls. Please note that the data presented 
above may not directly match the specific numbers in the tables. The 
data are preliminary and may include overlapping colored dots or rep-
licate testing. This is intended to demonstrate the customizable fea-
ture of this assay
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performance. The internal control reads were within the 
manufacturer’s recommended cutoff values. However, they 
were close to the manufacturer recommended cutoff for the 
discrepant samples and substantially lower than the average 
internal control counts for the remaining samples. Custom-
izing the assay by modifying the internal control counts and 
detection limits is a strength of the HDPCR NSCLC panel, 
and each laboratory should determine the optimal internal 
control cutoffs based on assay validation prior to clinical 
implementation.

A previous study by Cabrera et al. [27] has demonstrated 
the limit of detection at 0.8% for mutant allele fractions 
of DNA targets with 20 ng per well of DNA input and 23 
positive partition counts for RNA targets. In contrast to 
our study, which primarily concentrated on analyzing sam-
ples from post-extraction stored aliquots, Cabrera et al. 
tested pre-extraction samples from FFPE blocks. Moreo-
ver, only clinical samples that were known to be positive 
were included, and no negative samples were tested in their 
cohort. Among the tested unique DNA alterations, all were 
inclusive to the assay, and only five out of nine false-negative 
RNA results were attributed to novel fusions that were out-
side the scope of the HDPCR panel. Similar to our findings, 

this study achieved an accuracy greater than 99% compared 
with results from the reference method after discordant reso-
lution. This lower limit of detection of the HDPCR NSCLSC 
assay compared to the comparator NGS assays could be a 
possible reason for detecting the EGFR L858R mutation that 
NGS could not confirm. However, we acknowledge that a 
manual review of NGS data did not support the presence 
of low levels of the EGFR L858R mutation in this sample. 
Furthermore, because of logistical constraints, our sample 
cohort consisted entirely of stored TNA and DNA samples. 
Additional freeze-thaw of the TNA and DNA aliquots and 
storage of these nucleic acid samples at − 80 °C/− 20 °C and 
4 °C, respectively, could have contributed to some of the dis-
crepancies, and we are unable to rule out the effect of these 
parameters on the observed discordance in our analysis.

As with all targeted PCR assays, the HDPCR assay does 
not have comprehensive coverage for all mutations, espe-
cially for highly variable regions such as EGFR exon 20 
insertions [30]. The HDPCR NSCLC Panel was specifically 
designed to minimize this issue by ensuring high inclusivity 
of highly variable targets such as EGFR exon 20 insertions 
(89%), EGFR exon 19 deletions (99%), and RNA fusions 
(95–100%) [27]. However, the initial sensitivity observed 
in our study for all EGFR exon 20 insertion variants is 60%, 
without considering the assay coverage. Hence, a significant 
percentage of EGFR exon 20 insertion mutations could go 
undetected owing to the limited coverage of targeted regions 
in EGFR exon 20 of the HDPCR NSCLC assay. This under-
scores the limitations of targeted assays, such as our assay, 
as they are unable to offer comprehensive coverage for all 

Table 4   Default and updated detection thresholds

Bold values indicate specific mutation/control thresholds that were 
changed from the default values to optimize assay performance

Well 1 detection thresholds

Target Default thresholds Updated 
thresh-
olds

Internal control 300 50
BRAF V600E 10 10
EGFR DEL 15 15
EGFR L858R 20 30
EGFR S768I 20 20
EGFR T790M 10 10
Well 2 detection thresholds
Internal control 150 100
EGFR G719X 20 20
EGFR Ins 40 40
EGFR L861Q 10 10
ERBB2 10 10
KRAS G12C 10 10
Well 3 detection thresholds
Internal control 50 50
ALK 15 20
MET 40 40
NTRK 50 50
RET 15 30
ROS1 40 60
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1

BRAF EGFR
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EGFR
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ERBB 2 KRAS
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DNA TARGETS

Sensitivity Specificity Accuracy

Fig. 3   DNA targets and performance of the High-Definition PCR 
non-small cell lung cancer assay. This graph illustrates the perfor-
mance metrics (sensitivity, specificity, and accuracy) for the detec-
tion of each DNA target by the High Definition PCR non-small cell 
lung cancer assay. The x-axis displays the name of the specific DNA 
alteration, while the y-axis represents the performance metric range 
from 0.8 to 1, where 1 is considered maximum performance. Three 
separate-colored bars correspond to the sensitivity, specificity, and 
accuracy for each alteration. Note that this figure represents assay 
performance following discordant resolution and assay optimization. 
*EGFR T790M was consistently found with other EGFR driver muta-
tions
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actionable mutations. Therefore, our preliminary perfor-
mance data (Table 2), before addressing any discrepancies 
and performing assay optimization, may mirror real-world 
clinical performance. For the genomic regions targeted by 
the HDPCR NSCLC assay, this panel has an aggregate popu-
lation prevalence-based coverage of 99.6% based on data 
from the COSMIC database [27, 31]. However, the HDPCR 
NSCLC assay covers only 56.6% (Table 1 of the ESM) of 
all known mutations in NSCLC (data from the COSMIC 
database) [31].

An additional limitation is the low number of positive 
samples, and the large number of negative samples for 
individual targets may overestimate the sensitivity of the 
HDPCR assay. In silico and empirical (bench testing) results 
for inclusivity by target (DNA/RNA) are shown in Table 1 of 
the ESM. Unique variants listed in the COSMIC Mutation 
Database for each target were tested via an in silico analysis. 
Any variants of high prevalence or those with indetermi-
nant binding kinetics during an in silico analysis were also 
evaluated empirically. The limited coverage of mutations in 
targeted PCR assays is not unique to the HDPCR NSCLC 
assay. Despite this inherent limitation, the ability to identify 
a large proportion of therapeutically actionable alterations in 
NSCLC makes this assay useful in settings without access 
to NGS infrastructure. In addition, the rapid 24–48 h turna-
round of this assay and the relatively lower cost of this assay 
compared with NGS may make this assay a cost-effective 
alternative to NGS in many clinical settings.

Finally, though the HDPCR assay does not offer compre-
hensive detection of RNA fusion using other assays, such 
as the Archer fusion assay, we have successfully improved 
assay performance for multiple targets by utilizing the 

customizable detection threshold feature of the HDPCR assay 
(refer to Sect. 3.3). This process was particularly effective in 
reducing false-positive calls for RNA targets such as ALK, 
ROS1, and RET (Table 4). However, we recognize that this assay 
has lower sensitivity in detecting ALK fusions and MET exon 
skipping events. Though the lower sensitivity for detecting ALK 
fusions and MET exon skipping events in this study was likely 
due to sample quality (Table 3), individual laboratories can con-
sider improving detection rates by integrating ancillary studies 
into their workflow, such as incorporating ALK immunohisto-
chemistry if deemed necessary. Nevertheless, these results do 
not suggest that it is mandatory to include ALK immunohisto-
chemistry for every case when using the HDPCR NSCLC panel.

5 � Conclusions

We have demonstrated that the HDPCR™ NSCLC Panel 
allows for sensitive and reliable mutation detection in 
NSCLC samples with a turnaround time of only 1 day 
compared with at least 3 days required for NGS workflows. 
Despite certain limitations in comparison to NGS, the rapid 
turnaround time and the ability to tailor assays to institu-
tional preferences provide significant value for clinical deci-
sion making and choosing the appropriate targeted therapy, 
ultimately contributing to improved outcomes for patients 
with newly diagnosed NSCLC.
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