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A B S T R A C T

Accurate and comparable quantification of somatic mutations is essential for precision oncology, as clinical 
decision-making increasingly relies on the quantification of molecular biomarkers. Despite major technological 
advances, inter-laboratory variability and the lack of metrological traceability remain significant barriers to 
harmonization and confidence in mutation testing results. Reference Measurement Procedures (RMPs) represent 
a critical framework to address these challenges by anchoring molecular measurements to common quantitative 
standards.

Here, we describe the development and validation of a candidate RMP for the detection and quantification of 
the clinically relevant NRAS p.Q61R mutation using digital PCR (dPCR). The assay was systematically optimized 
to maximize specificity and minimize cross-reactivity between wild-type and mutant alleles. Analytical char-
acterization demonstrated excellent linearity across a broad range of variant allele frequencies (vAF), with a limit 
of detection of 0.1 %. Precision studies performed on commercially available circulating tumour DNA reference 
materials (RM) showed good repeatability and intermediate precision, while a full measurement uncertainty 
budget confirmed the robustness of the approach. Comparison with a commercial dPCR assay provided inde-
pendent support for assay comparability and consistent vAF estimates across the investigated range. 

Preliminary inter-laboratory assessment supported transferability of the candidate RMP and comparability of 
the resulting measurements. Overall, this work establishes a metrologically characterized and transferable dPCR-
based RMP for NRAS p.Q61R quantification. Its implementation can support the harmonization of molecular 
measurements, the value assignment of RM, and the alignment of routine and secondary methods, thereby 
strengthening the reliability of quantitative biomarker assessment in precision oncology.

1. Introduction

Mutations in the NRAS gene, particularly the p.Q61R variant 
(c.182A > G, COSM584), play a crucial role in oncogenesis and are 
recurrently detected in several solid tumours, including non-small cell 
lung cancer and colorectal cancer. The NRAS gene encodes a small 
GTPase involved in intracellular signal transduction, primarily through

the RAS/MAPK pathway, which regulates cell proliferation, differenti-
ation, and survival. The substitution of a glutamine (Q) with an arginine 
(R) at codon 61 disrupts the intrinsic GTPase activity of NRAS, resulting 
in a constitutive pathway activation and a sustained oncogenic signal-
ling [1,2].

Accurate detection and quantification of NRAS mutations are critical 
for clinical decision-making. Specific variants, including p.Q61R, have
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been associated with resistance to targeted therapies such as cetuximab, 
dabrafenib, and vemurafenib [3,4]. In this context, quantitative 
assessment of variant allele frequency (vAF) is increasingly relevant for 
patient stratification, treatment monitoring, and prognosis. However, 
conventional molecular methods, including Sanger sequencing and 
allele-specific PCR, are limited by insufficient sensitivity and specificity, 
and poor quantitative reproducibility, particularly when dealing with 
heterogeneous tumour samples or low-frequency variants [5]. While 
next-generation sequencing (NGS) enables comprehensive mutation 
profiling and has become a cornerstone of molecular oncology, its 
quantitative performance at low vAF remains method- and laboratory-
dependent, as standardized, SI-traceable quantification is often lack-
ing. This can result in significant inter-laboratory variability, ultimately 
compromising result comparability and clinical reliability in precision 
oncology [6,7].

Recent advances in digital PCR (dPCR) have substantially improved 
the sensitivity and precision of mutation detection. By partitioning DNA 
samples into thousands of nanolitre-sized reactions, dPCR enables ab-
solute quantification of target molecules and robust estimation of low-
frequency variants in complex genomic backgrounds [8–10]. These 
features make dPCR well suited for applications such as measurable 
residual disease (MRD) monitoring and assessment of treatment 
response, where accurate quantification of rare mutant alleles is crucial 
[11,12].

Despite these analytical advantages, high technical performance 
alone does not ensure inter-laboratory comparability. In the absence of 
standardized and SI-traceable measurement frameworks, differences in 
assay design, calibration strategies, and data analysis can still lead to 
systematic biases across measurement systems.

In this context, the establishment of a Reference Measurement Pro-
cedure (RMP) represents a critical step toward anchoring molecular 
measurements to common metrological standards. Unlike routine 
diagnostic assays, RMPs are intended to provide higher-order mea-
surement results with documented metrological traceability and un-
certainty evaluation. Their role is not to replace routine methods, but to 
support calibration hierarchies, value assignment of RM, external 
quality assessment schemes, and inter-method harmonization, in line 
with quality-assurance frameworks and regulatory requirements, 
including EU Regulation 2017/746 on in vitro diagnostic medical de-
vices (IVDR) and International Council for Harmonisation of Technical 
Requirements for Pharmaceuticals for Human Use (ICH) Q2(R2): Vali-
dation of Analytical Procedures [13,14]. European metrology initia-
tives, such as the GenomeMET [15] and Bio-SITrace projects [16], have 
been launched to address these needs by advancing metrological 
frameworks for clinically relevant cancer-associated biomarkers.

Here, we present the development and validation of a candidate RMP 
for the detection and quantification of the NRAS p.Q61R mutation using 
dPCR. By providing metrologically traceable measurement results 
through a transferable measurement procedure, the proposed approach 
supports inter-laboratory harmonization, value assignment of RM and 
alignment of dPCR and secondary methods, such as NGS. Ultimately, the 
availability of robust RMPs for clinically actionable mutations provides 
an important basis for reliable and reproducible quantitative biomarker 
assessment in precision oncology.

2. Materials and methods

2.1. Assay design

A competitive duplex dPCR assay was developed for the detection and 
quantification of the NRAS p.Q61R (c.182A > G) mutation. The assay uses 
a single primer pair and two allele-specific hydrolysis probes to enable 
precise discrimination between the mutant and wild-type (WT) alleles. 
The target region encompassing exon 3 of NRAS (NC_000001.11) was 
amplified, with the p.Q61R mutant allele detected using a FAM-labelled 
MGB probe, and WT allele detected using a HEX-labelled MGB probe.

Primer and probe sequences were designed using Primer3Plus ac-
cording to criteria optimized for dPCR applications [17]. In silico 
specificity was assessed using NCBI Primer-BLAST to exclude off-target 
amplification within the human genome. Known polymorphisms and 
restriction sites within the amplicon region were avoided to ensure 
robust assay performance. All oligonucleotides were synthesized by 
Eurofins Genomics. Primer and probe sequences are reported in the 
Standard Operating Procedure (SOP, Supplementary file 1).

2.2. Control materials and test samples

Synthetic double-stranded DNA fragments corresponding to exon 3 
of NRAS WT and p.Q61R mutant alleles were used as control templates 
for assay development, optimization and characterization. Both se-
quences were cloned into two separate plasmid vectors (pEX-A128 
backbone), synthesized and sequence-verified by Eurofins Genomics. 
Upon receipt, plasmids were resuspended according to the manufac-
turer’s instructions, quantified using the Qubit dsDNA High Sensitivity 
Assay Kit (Thermo Fisher Scientific), and diluted in TE buffer (10 mM 

Tris-HCl, 1 mM EDTA, pH 8.0). Working solutions (0.1 ng/µL) were 
aliquoted and stored at − 20 ◦ C to avoid repeated freeze–thaw cycles. 
Plasmid maps and insert sequences are reported in Fig. 1 and Table 1. 

Genomic DNA (gDNA) was extracted from four commercial human 
cell lines with confirmed NRAS WT status (P-EP/SVTERT28-2 and P-
MSC/TERT308, purchased from Evercyte; MG-63 and THP-1, purchased 
from ATCC). Cell lines were cultured according to the manufacturer’s 
recommended conditions and harvested upon reaching confluence. 
gDNA extraction was performed for each cell line using the QIAamp 
DNA Mini Kit (QIAGEN) following the manufacturer’s instructions. DNA 
concentration and purity were assessed using a NanoQuant Plate 
(Tecan), and WT gDNA was stored at − 20 ◦ C until use. These samples 
served as WT controls and as background matrices for spiking experi-
ments, where defined amounts of the NRAS p.Q61R plasmid were added 
to generate samples with controlled vAF.

Repeatability, intermediate precision, and measurement uncertainty 
(MU) were assessed using commercially available RM with nominal vAF 
of 0.1 %, 0.5 %, and 5 %, each provided as a separate Seraseq ctDNA 
Mutation Mix v4 product, along with a corresponding WT control 
(SeraCare Life Sciences). RM were subdivided into independent aliquots 
to ensure homogeneity and to minimize freeze–thaw cycles prior to 
analysis.

2.3. dPCR assay optimization

The dPCR assay was systematically optimized to ensure high speci-
ficity, robust cluster separation and minimal cross-reactivity between 
mutant and WT alleles. Primer amplification efficiency and specificity 
were initially evaluated by SYBR Green-based quantitative real-time 
PCR (qPCR) using the CFX Connect Real-Time PCR System (Bio-Rad) 
and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). Reactions 
were performed using a 5-fold serial dilution of WT gDNA prepared 
gravimetrically in nuclease-free H 2 O, starting from 150 ng DNA per 
reaction. Each dilution point was analysed in duplicate. Amplification 
efficiency was calculated from the slope of the standard curve. Amplicon 
specificity was verified by melting curve analysis.

Annealing temperature optimization was subsequently performed by 
gradient dPCR using synthetic NRAS WT and p.Q61R mutant plasmids 
(100 % WT and 50 % p.Q61R). A temperature range from 55 ◦ C to 65 ◦ C 
was evaluated, and the optimal temperature was selected based on 
separation between positive and negative populations, fluorescence 
amplitude, and minimal rain.

Given the single-nucleotide difference between the mutant- and WT-
specific hydrolysis probes, primer and probe concentrations were 
empirically optimized to achieve optimal signal discrimination, while 
maintaining low cross-reactivity and adequate assay sensitivity. 
Different primer/probe concentration combinations were tested in
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duplex using WT gDNA and samples spiked with defined amounts of 
NRAS p.Q61R plasmid (vAF: 0 %, 5 %, 10 %, and 50 %). Optimal 
discrimination was defined as the condition that provided clear sepa-
ration between positive and negative populations in both fluorescence 
channels, minimal “rain”, negligible cross-reactivity between mutant 
and WT signals, and stable vAF quantification across the tested con-
centrations. Final concentrations were selected based on these criteria 
and were used for all subsequent experiments.

2.4. Analytical performance assessment

Analytical performance of the duplex dPCR assay was evaluated in 
terms of linearity and sensitivity. Linearity was assessed using two 
complementary experimental approaches. In the first approach, syn-
thetic plasmid DNA carrying the NRAS p.Q61R mutation was mixed with 
WT plasmid DNA at defined ratios to generate samples to cover a wide 
range of expected vAFs, from 0 % to 100 % (0 %, 1 %, 5 %, 10 %, 50 %, 
and 100 % vAF). In the second approach, independently prepared 
samples were generated by spiking defined amounts of mutant plasmid 
DNA into WT gDNA to obtain low and clinically relevant vAF levels (0 
%, 0.25 %, 0.50 %, 2.50 %, and 5 %). Each vAF level was analysed in 
triplicate under optimized assay conditions.

Measured vAF values were plotted against expected values, calcu-
lated from the predefined mixing ratios of quantified gDNA and plas-
mids, and linear regression analysis was performed to evaluate assay 
linearity, expressed as the coefficient of determination (R 2 ). The same 
dilution series were used to estimate the analytical sensitivity of the 
assay. The limit of blank (LoB), limit of detection (LoD), and limit of 
quantification (LoQ) were initially derived from regression analysis, in 
accordance with established analytical validation principles [14,18]. 
Specifically, the LoB was calculated as the mean blank response plus 
1.645 times the standard deviation (SD) of the blank measurements. LoD 
and LoQ were estimated from the SD of the response and the slope of the 
calibration curve (S), using the expressions LoD = 3.3SD/S and LoQ = 

10SD/S.
The resulting estimates were subsequently experimentally verified 

using commercially available RM with nominal vAF values close to the 
calculated thresholds. The LoD was defined as the lowest vAF level 
showing a statistically significant difference from the blank material 
[14], whereas the LoQ was defined as the lowest vAF level showing a 
statistically significant difference from the blank and acceptable preci-
sion and accuracy [19] (a CV < 30 % is generally considered acceptable 
for quantitative molecular assays).

The estimated limits were subsequently experimentally verified 
using commercially available RM with nominal vAF values close to the 
calculated thresholds.

2.5. Assessment of the impact of gDNA digestion

To evaluate the impact of gDNA digestion on NRAS p.Q61R quanti-
fication, WT gDNA spiked with defined amounts of NRAS p.Q61R 
mutant plasmid was analysed. Identical DNA–plasmid mixtures were 
analysed under two conditions: undigested and enzymatically digested. 

For the digested condition, gDNA and plasmid were treated with the 
restriction enzyme EcoRI (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. EcoRI was selected because it does not cut 
within the NRAS target amplicon, thereby allowing the effects of DNA 
fragmentation to be evaluated without affecting the target sequence. 
EcoRI digestion was evaluated to determine whether DNA fragmenta-
tion could improve droplet cluster separation or influence vAF estima-
tion. Because cell-free DNA (cfDNA) is naturally fragmented, this 
assessment was also relevant to the potential application of the pro-
cedure to cfDNA samples. Quantitative results obtained from digested 
and undigested samples were compared EcoRI was selected because it 
does not cut within the NRAS target amplicon, allowing the effect of 
DNA fragmentation to be evaluated without altering the target 
sequence.

2.6. Comparison with commercial assay

Performance of the candidate RMP was compared with a BioRad’s 
commercially available and wet-validated assay (NRAS p.Q61R c.182A 
> G, Assay ID: dHsaMDV2010071). The comparison was performed as 
an independent assessment of assay comparability. Specifically, it was 
designed to evaluate the consistency of vAF estimates obtained with the 
candidate RMP and a commercially available assay across a broad 
concentration range, while assessing potential assay-dependent effects 
related to cluster separation, signal discrimination, and quantitative 
performance. The analyses performed using the candidate RMP followed 
the optimized in-house protocol, whereas the commercial assay was 
carried out according to the manufacturer’s instructions.

A dilution series was prepared by mixing synthetic NRAS p.Q61R 
mutant plasmid DNA with a WT gDNA, used as a background to generate 
samples covering a broad range of expected vAF (0 %, 0.16 %, 0.80 %, 8 
%, 20 %, 40 %, 60 % vAF). Each vAF level was analysed in duplicate. 

For both assays, fluorescence amplitude data were evaluated to 
assess cluster separation and potential probe cross-reactivity. Quanti-
tative performance was assessed by comparing measured and expected 
vAF values through linear regression analysis and by evaluating the 
agreement between the two assays using correlation analysis.

2.7. Repeatability, intermediate precision, and measurement uncertainty

Repeatability, intermediate precision and MU were evaluated using 
commercially available RM, including four samples with nominal vAF of

Fig. 1. NRAS p.Q61R and WT plasmid maps. The exon 3 NRAS inserts (WY and p.Q61R mutated) were cloned into two different pEX-A128 plasmids. The NRAS insert 
region is highlighted in purple. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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0.1 %, 0.5 %, and 5 %, as well as a WT control (Seraseq ctDNA Mutation 
Mix v4, SeraCare Life Sciences). These materials were selected to assess 
assay performance across a clinically relevant dynamic range, including 
vAFs close to the estimated LoD and LoQ.

Each RM was subdivided into independent aliquots to ensure ho-
mogeneity and to minimize freeze–thaw cycles. Measurements were 
performed over four non-consecutive days by the same operator. In each 
run, all materials were analysed in triplicate, resulting in a total of 
twelve replicate measurements per material.

Repeatability (intra-run precision) was estimated by calculating the 
pooled standard deviation (SD) across replicate measurements within 
each run. Intermediate precision (inter-run precision) was assessed by 
calculating the SD of the mean values obtained across independent runs. 
Repeatability and intermediate precision were expressed as coefficients 
of variation (CV).

MU was expressed as relative expanded uncertainty (U%) and esti-
mated by combining the main sources of uncertainty, including the 
dilution factor (D f ), partitioning statistics (N neg /N), and partition vol-
ume (V d ). Uncertainty propagation was performed in accordance with 
established metrological principles and guidance documents[20,21]. A 
detailed description of the uncertainty model and calculations is pro-
vided in the Supplementary file 2.

The resulting dataset was also used to experimentally verify the 
previously estimated LoB, LoD, and LoQ.

2.8. Inter-laboratory comparison study

Operational transferability and reproducibility of the candidate RMP 
were assessed through a small inter-laboratory comparison study 
involving two independent laboratories: the National Metrology Insti-
tute of Italy (INRiM, Turin, Italy) and the National Institute of Biology 
(NIB, Ljubljana, Slovenia).

An external quality assessment (EQA) material based on circulating 
cfDNA, provided by INSTAND, was used for the comparison 
(Supplementary file 3). The EQA material consisted of two identical 
blinded samples distributed to both laboratories. Each partner per-
formed dPCR analyses independently using routine instrumentation and 
software settings, and strictly adhered to the shared SOP 
(Supplementary file 1) for assay setup, thermal cycling conditions, and 
data acquisition. Operators, instruments, and data analysis thresholds 
were not harmonized across laboratories in order to reflect realistic 
implementation conditions.

In both laboratories cfDNA was extracted with the QIAamp Circu-
lating Nucleic Acid Kit (QIAGEN) and quantified with the Qubit dsDNA 
HS Assay Kit (Thermo Fisher Scientific), according to manufacturer’s 
instructions.

At INRiM each EQA sample was analysed undiluted over three in-
dependent experiments performed on three different days, with tripli-
cate measurements in each run (18 replicate measurements in total), 
using the QX200 Droplet Digital PCR System (Bio-Rad). Value assign-
ment and the associated MU were estimated according to the uncer-
tainty model described in Supplementary file 2, considering the two 
EQA samples as biological replicates.

At NIB undiluted cfDNA samples were analysed using the QX600 
Droplet Digital PCR System (Bio-Rad) in one experiment. One EQA 
samples was analysed in triplicate and one in duplicate. Target copy 
number concentrations were calculated as the mean of the five mea-
surements, and MU was estimated according to the model described in 
Supplementary file 2.

Inter-laboratory agreement was assessed by comparing the NRAS p. 
Q61R vAF values measured at both laboratories.

2.9. Statistical analysis

Statistical analyses and graphical representations were performed 
using Origin 2022 software (OriginLab Corporation). Linear regressionTa
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analysis was used to assess assay linearity and agreement between ex-
pected and measured vAF, as well as to compare results obtained with 
the candidate RMP and the commercial dPCR assay. Correlation be-
tween methods was evaluated using Pearson’s correlation coefficient. 

Repeatability and intermediate precision were expressed as co-
efficients of variation (CV). Differences between experimental condi-
tions were assessed using one-way analysis of variance (ANOVA) 
followed by post hoc Tukey’s multiple-comparison test. A p-value < 0.05 
was considered statistically significant.

3. Results

3.1. Optimization of the dPCR assay conditions

Key assay parameters were systematically optimized to ensure robust 
and reproducible quantification of the NRAS p.Q61R mutation. Primer 
efficiency and specificity were first evaluated by SYBR Green-based 
qPCR. The primer pair showed an amplification efficiency of 102 % 

(R 2 = 0.978; Fig. 2a), and the melting curve analysis confirmed a single

specific amplicon, with no evidence of non-specific products or pri-
mer–dimer formation (Fig. 2b).

Annealing temperature optimization was subsequently performed by 
gradient dPCR. Among the tested temperatures, 63 ◦ C yielded the 
clearest separation between positive and negative populations (1D-
amplitude plot, Fig. 2c) and discrimination of the four expected droplet 
populations (negative, WT-positive, mutant-positive, and double-
positive), with balanced cluster positioning, minimal overlap between 
populations, and limited rain (2D-amplitude plots, Supplementary 
Fig. S1). These characteristics supported its selection as the optimal 
annealing temperature.

Given the single-nucleotide difference between the mutant- and WT-
specific probes, primer and probe concentrations were further optimized 
to minimize cross-reactivity while preserving assay sensitivity. The 
selected concentration combination (0.63 µM primers, 0.175 µM wild-
type probe, and 0.125 µM mutant probe) was used throughout the 
study as it provided the best overall balance among fluorescence 
amplitude, cluster separation, and stable vAF quantification, resulting in 
clear discrimination between NRAS p.Q61R mutant and WT signals.

Fig. 2. Optimization of the NRAS dPCR assay. a) Primer efficiency curve for NRAS (qPCR). b) Melting curve analysis confirming specificity of NRAS amplicon 
(qPCR). c) Annealing temperature (T a ) optimization using a gradient dPCR. The purple arrows indicate the chosen T a . d) Comparison of assay performance using 
undigested and EcoRI-digested gDNA and plasmid in terms of NRAS vAF (y-axis) in p.Q61R mutated (vAF ~ 5 % and 2.5 %) and WT NRAS samples. Error bars 
indicate SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Finally, the potential impact of gDNA digestion on assay perfor-
mance was evaluated. No statistically significant differences were 
observed between digested and undigested samples at any tested vAF 
level (two-way ANOVA followed by Tukey’s multiple-comparison test, 
all p > 0.05), indicating that enzymatic digestion was not required under 
the proposed RMP and its applicability on cfDNA (Fig. 2d).

3.2. Analytical performance: Linearity and sensitivity

The analytical performance assay was evaluated by assessing line-
arity and analytical sensitivity using two complementary experimental 
approaches.

In the first approach, synthetic plasmid DNA carrying the NRAS p. 
Q61R mutation was mixed with WT plasmid DNA at defined ratios to 
generate samples spanning the full range of expected vAF, from 0 % to 
100 %. Measured vAF showed a strong linear relationship with expected 
values (R 2 = 0.968, r = 0.984), supporting adequate assay linearity 
across the tested concentration range (Fig. 3a).

In the second approach, defined amounts of mutant plasmid DNA 
were spiked into WT gDNA extracted from NRAS WT cell lines, gener-
ating samples with low vAF representative of clinically relevant sce-
narios (0–5 %). In this more complex genomic background, measured 
vAF correlated with expected values (R 2 = 0.973; Fig. 3b), indicating 
assay robustness at low mutant allele frequencies. Based on these dilu-
tion series, the analytical sensitivity of the assay was estimated. The LoB 
was determined to be 0.07 % vAF, the LoD was estimated at 0.1 % vAF, 
while the LoQ was established at 0.5 % vAF.

3.3. Comparison with the commercial dPCR assay

The quantitative performance of the candidate RMP was compared 
with a commercially available assay using a dilution series spanning a 
broad range of expected vAF. Inspection of 1D and 2D-fluorescence 
amplitude plots showed comparable cluster separation and signal 
discrimination for both assays. In both assays, a minor population of 
negative droplets with slightly increased fluorescence intensity was 
observed, although it was more evident in the commercial assay. This is 
a regular phenomenon occurring with competitive duplex assays, pri-
marily caused by a partition specific competition [22]. This population 
remained clearly separated from the positive droplet clusters and did not 
interfere with threshold placement, droplet classification, or vAF 
quantification (Fig. 4a).

For both assays, measured vAF values showed a strong linear

relationship with the expected values across the tested range. Linear 
regression analysis yielded a slope of 1.032 (95 % CI: 0.991–1.073) and 
an intercept of 0.895 (95 % CI: − 0.282–2.071) for the candidate RMP, 
and a slope of 1.069 (95 % CI: 1.023–1.115) and an intercept of 1.215 
(95 % CI: − 0.097–2.527) for the commercial assay. The corresponding 
coefficients of determination were R 2 = 0.996 and R 2 = 0.995, respec-
tively (Fig. 4b), indicating a comparable quantitative performance 
across the investigated vAF range..

Direct comparison of vAF values obtained with the two assays 
showed a strong correlation (Pearson’s r = 0.99, p < 0.0001, Fig. 4c), 
indicating highly comparable quantitative estimates across the investi-
gated vAF range.

3.4. Repeatability, intermediate precision, and measurement uncertainty

Repeatability, intermediate precision, and MU were evaluated using 
commercially available ctDNA RM spanning clinically relevant vAF, 
including 0.1 %, 0.5 %, and 5 %, as well as a WT control.

At the highest tested vAF (~5 %), the assay demonstrated high 
precision, with a repeatability of 7.8 % and an intermediate precision of 
8.2 %, confirming robust performance in a clinically relevant concen-
tration range (Fig. 5a and b). For the low-frequency materials, experi-
mental results were consistent with the previously estimated analytical 
sensitivity. The 0.1 % vAF sample, corresponding to the estimated LoD, 
differed from the WT sample (p < 0.001) but showed increased vari-
ability, with repeatability and intermediate precision values of 62.8 % 

and 57.5 %, respectively. In contrast, the 0.5 % vAF sample, corre-
sponding to the estimated LoQ, showed repeatability and intermediate 
precision values of 32.7 % and 32.4 %, respectively, within the range 
generally considered acceptable for quantitative molecular assays (~30 
%) [23,24].

The WT material was used to experimentally verify the LoB. 
Measured vAF values ranged from 0 to 0.08 %, with a mean value of 
0.03 %, supporting the previously established LoB threshold of 0.07 %. 

As expected, MU was inversely related to variant abundance. The 
sample with the highest vAF (~5.16 %) exhibited the lowest relative 
expanded uncertainty (17 %), whereas the lowest-frequency sample 
(~0.12 %) showed the highest (67 %). An intermediate uncertainty 
value (44 %) was obtained for the 0.5 % vAF sample (Fig. 5c). In 
addition, the vAF values measured in this study were consistent with the 
producer’s declared values for the RM, showing perfect agreement 
(Pearson’s r = 1.00, p = 0.004; Fig. 5d).

Fig. 3. Linearity assessment of the NRAS dPCR assay. Error bars indicate SD. a) Linearity curve obtained by mixing the NRAS p.Q61R mutant plasmid with the WT 
plasmid (vAF range: 0 %-100 %). b) Linearity curve obtained by spiking the mutant plasmid into WT gDNA extracted from NRAS WT cell lines (vAF range: 0 %-5 %).
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3.5. Measurement comparability and inter-laboratory transferability

Preliminary assessment of inter-laboratory transferability and mea-
surement comparability of the candidate RMP were evaluated in a small 
inter-laboratory study using an EQA cfDNA material distributed as two 
identical blinded samples to two participating laboratories.

At INRiM, the NRAS p.Q61R vAF measured in the EQA material was 
2.30 %, with a relative standard MU of 18.15 % and U% (k = 2) of 36.31 
%. At NIB, analysis of the same EQA material showed a vAF of 1.88 %, 
with a relative standard measurement uncertainty of 20.41 % and U% (k
= 2) of 40.83 %.

The vAF values obtained by both laboratories were in good agree-
ment and overlapped within their respective expanded MU (Fig. 6). The 
absolute difference between the measured vAF values (Δ = 0.42 %) was 
compared with the combined expanded uncertainty, yielding a 
normalized difference (E n ) = 0.37, where values < 1 indicate mea-
surement compatibility. The use of the E n allows inter-laboratory 
compatibility to be assessed while accounting for the associated MU 
and is therefore particularly suitable for metrological comparisons. Both 
results were also consistent with the nominal value indicated by the 
supplier (vAF = 2 %).

4. Discussion

Accurate and comparable quantification of somatic mutations is 
critical in precision oncology, where clinical decisions increasingly rely 
not only on mutation presence but also on quantitative parameters 
[6,7]. Despite major technological advances, including the widespread 
adoption of NGS and dPCR, the lack of harmonized and metrologically 
traceable measurement systems remains a barrier to inter-laboratory 
comparability and clinical reliability [11,13,25]. Here we describe a

candidate RMP for the quantification of the clinically relevant NRAS p. 
Q61R mutation using dPCR, designed to establish traceable and com-
parable measurements across laboratories.

The proposed RMP showed robust analytical performance across all 
evaluated parameters. Systematic optimization of assay conditions 
ensured high specificity and minimal cross-reactivity between mutant 
and WT alleles, a critical requirement given the single-nucleotide dif-
ference between the two targets. Analytical characterization showed 
linearity across a wide dynamic range and reliable quantification of low-
frequency variants, with a LoD of 0.1 % vAF and a LoQ of 0.5 % vAF. 
These performance characteristics are well aligned with the re-
quirements for applications such as MRD monitoring and therapy 
response assessment, where accurate quantification of rare mutant al-
leles is essential [8–12,26].

A key methodological aspect of this work is the explicit integration of 
MU into the quantification of vAF. While uncertainty estimation is a 
fundamental component of metrology, it is rarely systematically 
implemented in molecular diagnostics. By incorporating a transparent 
uncertainty budget, the proposed RMP enables quantitative results to be 
interpreted in relation to decision thresholds, thereby improving 
comparability and supporting more informed clinical interpretation. As 
expected, uncertainty increased at low variant frequencies, highlighting 
the importance of reporting quantitative results together with their 
associated MU, particularly near decision thresholds. This approach 
represents a step toward transforming high-performance molecular as-
says into standardized measurement systems, essential for informed 
clinical interpretation and inter-laboratory comparability [13,20,27]. 

Comparison with a commercial dPCR assay demonstrated highly 
comparable quantitative performance and consistent vAF estimates across 
the investigated range. Although such comparison does not constitute 
evidence of trueness in a metrological sense, it provides independent

Fig. 4. Comparison between the candidate RMP for NRAS p.Q61R and the commercial dPCR assay. A synthetic NRAS p.Q61R plasmid was mixed with a pooled WT 
gDNA background to generate a dilution series simulating different vAF. a) 1D-amplitude plots. FAM channel (mutant) is indicated in blue, while HEX channel (WT) 
in green. b) Theoretical (x-axis) vs. experimental (y-axis) vAF for both the assays (In-house: pink; Commercial: green). Error bars indicate SD. c) In-house (x-axis) vs. 
commercial (y-axis) assay: correlation between experimental vAF results. Error bars indicate SD. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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support for assay comparability and suggests the absence of major assay-
dependent effects under the tested conditions. The proposed candidate 
RMP is supported by its metrological characterization, including the 
implementation of a defined uncertainty budget, traceable value assign-
ment strategy, and demonstrated inter-laboratory applicability. There-
fore, the comparison should be interpreted as an assessment of assay 
comparability, providing independent support for the consistency of vAF

measurements obtained with the proposed candidate RMP [6,13,25,28]. 
The operational transferability and reproducibility of the candidate 

RMP was further evaluated through a preliminary small inter-laboratory 
comparison using an EQA cfDNA material. Although limited in scale, 
this comparison showed that, implementing the shared SOP under 
routine conditions, independent laboratories achieved comparable re-
sults within their combined expanded MU. The normalized difference 
provided a quantitative assessment of inter-laboratory compatibility, 
indicating the absence of significant systematic bias. These findings 
support the applicability of the proposed RMP under realistic laboratory 
conditions and highlight its potential role in EQA schemes and multi-
centre studies [13,25,29].

The added value of the proposed candidate RMP should be consid-
ered in the context of metrological infrastructure rather than routine 
assay implementation. Although commercially available assays already 
enable reliable detection and quantification of NRAS p.Q61R, they are 
not primarily intended to provide higher-order reference measurements 
supporting value assignment of RM, uncertainty evaluation, calibration 
hierarchies, and harmonization across measurement systems. The pro-
posed candidate RMP therefore complements rather than replaces 
existing diagnostic workflows. By providing a metrologically charac-
terized framework for quantitative mutation assessment, it can support 
EQA schemes, improve comparability among laboratories, and facilitate 
the alignment of routine molecular testing methods with reference 
measurement systems.

From a regulatory and quality-assurance perspective, the availability 
of metrologically characterized RMPs is increasingly relevant in the 
context of the EU Regulation 2017/746 on IVDR medical devices. RMPs 
provide a reference point for method validation, calibration hierarchies, 
and EQA schemes. In doing so, they support harmonization and reduce

Fig. 5. Repeatability, intermediate precision, and MU assessment of the assay. a) Repeatability (intra-run precision). b) Intermediate precision (inter-run precision). 
c) Samples value assignment. Error bars indicate the absolute expanded uncertainty (k = 2). d) Correlation between measured NRAS p.Q61R vAF values (y-axis) and 
values stated by the material producer (x-axis). Error bars indicate the absolute expanded uncertainty (k = 2).

Fig. 6. Inter-laboratory comparison of NRAS p.Q61R vAF measured in an EQA 
cfDNA material at INRiM (red) and NIB (blue). Error bars represent the 
expanded MU (k = 2). The grey dashed line indicates the material nominal 
value. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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variability in molecular diagnostics, in line with international validation 
and quality-assurance guidance [14,18,25,30].

Although this study was conducted using one dPCR platform, the 
assay design and the proposed candidate RMP are not inherently 
platform-dependent. The SOP was developed and validated on BioRad 
QX200 system; however, the underlying measurement principles, assay 
design, and uncertainty framework could in principle be implemented 
on other dPCR platforms following appropriate verification and opti-
mization [31,32]. Broader inter-platform validation, including evalua-
tion on array-based dPCR systems, will be required to further establish 
transferability and support wider adoption of the proposed candidate 
RMP.

Beyond the specific application to NRAS p.Q61R, the methodological 
framework presented here is inherently generalizable. The integration of 
assay optimization, SI-traceable quantification, and uncertainty esti-
mation can be extended to other clinically relevant biomarkers and 
analytical platforms. As such, this work provides a blueprint for the 
development of RMP in molecular diagnostics, contributing to the 
broader goal of harmonizing quantitative measurements across labora-
tories and technologies.

Nevertheless, this study has some limitations. Firstly, larger inter-
laboratory studies and extended EQA schemes will be required to 
further consolidate the role of the proposed RMP in multicentre clinical 
and quality-assurance settings. Second, the study relied on synthetic 
constructs, well-characterized cell lines, RM and EQA material, which 
may not fully capture the complexity of clinical specimens. In addition, 
the potential impact of different DNA extraction workflows on assay 
performance was not evaluated. Although standardized extraction pro-
cedures were used throughout the study, future investigations should 
assess extraction-related variability, particularly in the context of low-
frequency variant detection and routine clinical implementation. 
Future work should evaluate the performance of the proposed RMP in 
real-world clinical samples and across multiple platforms to further 
strengthen its applicability [6,7,28].

In conclusion, this study establishes a robust, metrologically trace-
able, and transferable dPCR-based candidate RMP for the quantification 
of NRAS p.Q61R. By providing absolute quantification with a well-
defined uncertainty budget and demonstrated inter-laboratory compa-
rability, the proposed RMP provides an important basis for harmonizing 
molecular measurements in precision oncology and strengthening the 
reliability of quantitative biomarker assessment in clinical practice. The 
complete SOP is provided in Supplementary file 1 to facilitate method 
adoption and promote consistency across laboratories.
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