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ABSTRACT 

Nucleic acid amplification tests including reverse transcription quantitative PCR (RT-qPCR) 

are used to detect RNA from Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-

2), the causative agent of the Coronavirus disease 2019 (COVID-19) pandemic. Standardized 

measurements of RNA can facilitate comparable performance of laboratory tests in the absence 

of existing reference measurement systems early on in a pandemic. Interlaboratory study 

CCQM P199b “SARS-CoV-2 RNA copy number quantification” was designed to test the 

fitness-for-purpose of developed candidate reference measurement procedures (RMPs) for 

SARS-CoV-2 genomic targets in purified RNA materials, and was conducted under the 

auspices of the Consultative Committee for Amount of Substance: Metrology in Chemistry and 

Biology (CCQM) to evaluate the measurement comparability of national metrology institutes 

(NMIs) and designated institutes (DIs), thereby supporting international standardization. 

Twenty-one laboratories participated in CCQM P199b and were requested to report the RNA 

copy number concentration, expressed in number of copies per microliter, of the SARS-CoV-

2 nucleocapsid (N) gene partial region (NC_045512.2: 28274-29239) and envelope (E) gene 

(NC_045512.2: 26245-26472) (optional measurements ) in samples consisting of in vitro 

transcribed RNA or purified RNA from lentiviral constructs. Materials were provided in two 

categories: lower concentration (≈ (101-104) /L in aqueous solution containing human RNA 

background) and high concentration (≈ 109 /L in aqueous solution without any other RNA 

background). 

For the measurement of N gene concentration in the lower concentration study materials, the 

majority of laboratories (n = 17) used one-step reverse transcription-digital PCR (RT-dPCR), 

with three laboratories applying two-step RT-dPCR and one laboratory RT-qPCR. Sixteen 

laboratories submitted results for E gene concentration. Reproducibility (% CV or equivalent) 

for RT-dPCR ranged from 19 % to 31 %. Measurements of the high concentration study 

material by orthogonal methods (isotope dilution-mass spectrometry and single molecule flow 

cytometry) and a gravimetrically linked lower concentration material were in a good 

agreement, suggesting a lack of overall bias in RT-dPCR measurements. However 

methodological factors such as primer and probe (assay) sequences, RT-dPCR reagents and 

dPCR partition volume were found to be potential sources of interlaboratory variation which 

need to be controlled when applying this technique.     

This study demonstrates that the accuracy of RT-dPCR is fit-for-purpose as a RMP for viral 

RNA target quantification in purified RNA materials and highlights where metrological 

approaches such as the use of in vitro transcribed controls, orthogonal methods and 

measurement uncertainty evaluation can support standardization of molecular methods.  
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INTRODUCTION 

RNA is the analyte targeted by nucleic acid amplification tests for Severe Acute Respiratory 

Syndrome Coronavirus 2 (SARS-CoV-2), the causative agent of the Coronavirus disease 2019 

(COVID-19) pandemic. RNA concentration measured in respiratory specimens can vary by 

over nine orders of magnitude [1, 2]. Reverse transcription-quantitative PCR (RT-qPCR) 

provided the main diagnostic method for the management of COVID-19 as the pandemic 

spread in early 2020. The use of RT-qPCR varied considerably with both in-house/laboratory 

developed tests widely applied [3] and a range of commercially available in vitro diagnostic 

solutions being deployed. However considerable variation was observed in analytical 

performance [4], calling for standards to demonstrate conformity of an in vitro diagnostic 

solutions to stipulated limit of detection targets [5-8]. While RNA abundances were not 

generally used to guide treatment, quantitative thresholds were proposed to better stratify 

patients in terms of clinical relevance [9, 10]. However despite being a quantitative approach, 

SARS-CoV-2 diagnostic RT-qPCR results are often reported in arbitrary quantification cycle 

(Cq) values (also termed cycle threshold or Ct), which prevent meaningful comparison between 

laboratories, assays and instruments and over time (internal QC) [11]. 

In response to these standardisation challenges, reference materials (RMs) were developed, 

which include materials based on DNA or RNA constructs, for example, NIST RGTM 10169 

[12], or whole virus preparations such as the first World Health Organization (WHO) 

International Standard for SARS-CoV-2 RNA [13]. Reverse transcription-digital PCR (RT-

dPCR) was implemented as a candidate reference measurement procedure (RMP) and 

employed during the COVID-19 pandemic in External Quality Assurance schemes and for 

value assignment of Reference Materials [14].  

In April 2020, the Consultative Committee for Amount of Substance: Metrology in Chemistry 

and Biology (CCQM) approved the Pilot study CCQM-P199b “SARS-CoV-2 RNA copy 

number quantification”. CCQM-P199b was designed to assess participants’ capabilities for 

targeted RNA copy number concentration and viral gene quantification. CCQM-P199b 

included multiple measurands (the SARS-CoV-2 nucleocapsid (N) and envelope (E) gene 

targets), while also assessing NMI/DI capacity to respond quickly to implement reference 

measurement procedures (RMPs) in support of rapidly deployed IVDs. CCQM-P199b was 

fast-tracked (material shipments organized between May and July 2020, with results submitted 

October 2020) to provide NMIs with the tools to be able to respond to national needs in the 

global response to the COVID-19 pandemic. 

CCQM-P199b sought to address the comparability of higher order methods for targeted RNA 

quantification relevant to the diagnostic range (≈101 to ≈105 /L purified RNA equivalent to 

102 /mL to > 106 /mL of respiratory specimen) and to establish routes for SI-traceability of 

counting-based approaches (RT-dPCR) through testing trueness by comparison with 

orthogonal methods such as isotope dilution mass spectrometry (ID-MS) and single molecule 

flow cytometry (SMFC) which do not require reverse transcription or amplification, enzymatic 

steps which may lead to biases in RT-dPCR [15]. To address the metrological state of the art, 
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provide evidence for NMIs/DIs for value assignment of calibration materials and support 

analytical standardization of diagnostic methods, in vitro synthesised RNA templates and 

purified RNA extracts were chosen as the Study Materials for analysis.  

The following sections of this report document the Measurands, Study Materials, participants, 

timeline, results, discussion of sources of interlaboratory variation and consensus RVs of 

CCQM-P199b. The Appendices (Supplementary materials) reproduce the official 

communication materials and summaries of information about the results provided by the 

participants.   
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MEASURANDS 

The measurands (quantity intended to be measured [16]) of CCQM-P199b are RNA copy 

number concentration of two SARS-CoV-2 genes / gene regions which are commonly targeted 

by molecular diagnostic tests: the N and E genes, which are towards 3’ end of the viral genome 

(Figure 1). The analyte is synthetic or purified RNA template. The matrix is buffered solution, 

with a complex (human total RNA) background (Study Materials 1-3). 

• Measurand 1: RNA copy number concentration expressed in number of copies per µL 

of the N gene partial sequence (MN908974.3: 28274-29239); 

• Measurand 2: RNA copy number concentration expressed in number of copies per µL 

of the E full gene sequence (MN908974.3: 26245-26472) (optional).  

Sequence information is provided in Appendix A. 

 

 
 

 

  

 

 

Figure 1: Schematic of the viral genome.  
(A) The structure of the SARS-CoV-2 genome [17]. (B) Relative locations of public health laboratory-developed 

assays (grey) to the N gene, showing Study Material 3 and 4 template region (purple). 
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STUDY MATERIALS 

Background 

Four Study Materials were designed and prepared by three of the coordinating laboratories: 

Study Material 1 (NIM China), Study Material 2 (NIBSC/NML), Study Materials 3 and 4 

(NML). In addition to NML, NIST also evaluated Study Material 4 by RT-dPCR. Coordinating 

laboratory methodology is provided in Appendix B. All materials were synthetic or purified 

RNA, non-infectious and required bio-safety level 1 containment. Sequence information is 

summarised in Table 1 and RNA sequence information for each material is provided in 

Appendix A. It was expected that all study participants analyse Study Material 1, 2 and 3, 

whereas analysis of Study Materials 4 was optional. Study participants were provided with four 

units of each Study Material.  

Table 1: Summary of Study Material genomic information. 
Study Material Gene construct name 

(GenBank accession) 
SARS-CoV-2 
genome region  
(NC_045512.2) 

Gene targets 
included 

1 ORF1ab  13201-15600 ORF1ab (partial) 

E 26245-26472 E 

N 28274-29533 N 

2 Construct 1 (MT299802) 1-7515 ORF1ab (partial) 

Construct 2 (MT299803) 7416-14915 ORF1ab (partial) 

Construct 3 (MT299804) 14816-22421 ORF1ab (partial) 

Construct 4 (MT299805) 22322-29903 E and N 

3 N 28274-29239 N (partial) 

4 N 28274-29239 N (partial) 

 

Preparation of Study Materials 

Study Material 1 was composed of in vitro transcribed SARS-CoV-2 RNA segments of 

ORF1ab, complete E gene and complete N gene, at an approximate concentration of ≈ 103 /L 

in ≈ 5 ng/L 293T human cell line total RNA (purchased from the National Infrastructure of 

Cell Line Resource and cultured by NIMC) in buffered solution (1 mM1 sodium citrate, pH 6.5 

(RNA Storage Solution Thermo Fisher Scientific P/N AM7001)). In vitro transcription reaction 

was performed using MEGAscript T7 Transcription Kit (AM1334, Thermo Fisher Scientific, 

USA). RNA transcripts were purified with MEGAclearKit (Thermo Fisher scientific, USA). 

Further information on Study Material preparation is provided in Appendix B. A total of 200 

units, each containing 100 µL, were prepared. 

Study Material 2 was prepared from NIBSC Research Reagent for SARS-CoV-2 RNA 

(NIBSC code 19/304; https://www.nibsc.org/documents/ifu/19-304.pdf)) which consists of 

four lentiviral constructs spanning the SARS-CoV-2 genome (for further information, see 

Appendix C). RNA was purified from two pooled vials each containing 0.5 mL of NIBSC 

Research Reagent for SARS-CoV-2 using the QIAamp UltraSens Virus (Qiagen) at NIBSC. A 

 
1 The molecular biology community express amount of substance concentration with units of molarity (M) (SI 

units: mmol/L). 
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single vial of approximately 250 µL of RNA was thawed at the NML and a 10 µL aliquot 

removed for initial RT-dPCR analysis, following which 213 µL of the RNA stock was used for 

preparation of Study Material 2. Study Material 2 contained an approximate RNA copy 

concentration of ≈ 101 /L for both Measurands in ≈ 5 ng/L FirstChoice Human T-Cell 

Leukemia (Jurkat) Total RNA (Ambion P/N AM7858) in RNA Storage Solution (as above). 

Initial measurement of a 20-fold volumetric dilution of Human T-Cell Leukaemia RNA 

concentration was performed using a Qubit RNA BR kit, and the solution was subsequently 

gravimetrically diluted 10-fold in RNA Storage Solution. Each unit of material contains 100 

L sample. A total of 206 units were prepared. 

Study Material 3 was composed of a single in vitro transcribed SARS-CoV-2 RNA molecule 

of the partial N gene at a similar RNA copy number concentration to Study Material 1, in ≈ 2.5 

ng/L human Jurkat cell line total RNA (as above) in RNA Storage Solution (as above) and 

was prepared by gravimetric dilution of Study Material 4 using a Mettler Toledo XP205 

balance to 5 decimal places. Following cleaning of the balance, linearity was tested using a set 

of laboratory standard weights covering the range 0.1 g to 200 g. Standard uncertainty of 

measurement for the balance was ± 0.000159 g (based on the calibration certificate). Further 

details can be found in Appendix B (Table B-6). A total of 310 units, each containing 100 µL, 

were prepared.  

Table 2: Summary of gravimetric dilutions linking the production of Study Materials 3-4.  

Diluti

on 

Mass RNA 

solution (g) 

Mass RNA 

+ Diluent 

(g)  

Dilution 

factor (DF) 

Relative u 

(weighing 

RNA) 

Relative u 

(weighing 

RNA + 

Diluent) 

Combined 

rel (u)  

Combined 

u (DF) 

D1 0.0492 0.4949 10.0589 0.46 % 0.045 % 0.46 %  

D2 0.0499 0.9885 19.8096 0.45 % 0.0227 % 0.45 %  

D3 0.0988 1.0087 10.2095 0.23 % 0.0223 % 0.23 %  

D4 0.0993 0.9920 9.9899 0.23 % 0.0227 % 0.23 %  

SM3 0.7903 31.4455 39.7893 0.03 % 0.00072 % 0.028 %  

Sum of variances 5.21  10-5  

Sum of covariances (r = 1) 1.43  10-4  

Combined DF 8.087  105   1.40 % 1.13  104 

Expanded uncertainty (U)    2.80 % 2.26  104 

Relative uncertainty of gravimetric steps was calculated using a standard uncertainty of 0.00022486 g for each of 

the series of two weighing steps being performed (mass of tube and mass of liquid being added to the tube). 

Dilution D1 was prepared from Study Material 4. To account for the possibility that uncertainties in each dilution 

step may be correlated, the sum of pairwise covariances between the uncertainty for each step was calculated 

based on a maximum correlation coefficient develop of 1.0. A coverage factor (k) = 2 was applied to the combined 

uncertainties for all dilution steps and expanded uncertainty rounded outwards to 3 significant figures. The 

combined dilution factor is rounded to the same order of magnitude as the expanded uncertainty.  

Study Material 4 contained the same in vitro transcribed SARS-CoV-2 RNA molecule of the 

N gene as Study Material 3 at an approximate concentration of (109 to 1010 ) /L (≈ 0.5 to 5 

ng/L) in RNA Storage Solution (as above) in a volume of 100 L per unit. A total of 58 units 

were prepared. Cellular RNA extracts were not added to this material as it was designed to be 

suitable for analysis using chemical methods and SMFC, where background nucleic acids will 

or may interfere with measurement.  
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Homogeneity Assessment of Study Materials 

The homogeneity of all Study Materials was evaluated by RT-dPCR analysis (Bio-Rad 

QX200). The detailed methods used by coordinator laboratories is described in Appendix B. 

The homogeneity of Study Materials 1 to 3 was assessed by performing replicate measurements 

(sub-samplings) of 10 units. For Study Material 1 homogeneity evaluation, triplicate 

measurements of the E and N genes were performed by NIM. For Study Materials 2 and 3 

homogeneity studies, eight replicate measurements of the N gene were performed by the NML 

at LGC using the ‘N2’ assay developed by United States Centres for Disease Control and 

Prevention (US CDC) [18]. 

Due to the smaller number of units produced for Material 4, homogeneity was evaluated in 

≈ 10 % of units in accordance with International Organization for Standardization (ISO) Guide 

35 in which six units of Study Material 4 were assessed by performing duplicate gravimetric 

dilutions prepared using a Mettler Toledo XP205 balance) with triplicate RT-dPCR 

measurements of each dilution. The mass concentration of N IVT in Study Material 4 was also 

analysed by fluorimetric assay (Qubit RNA HS Assay, Invitrogen/Thermo Fisher Scientific) 

with 6 units (n = 3 assays). 

Analysis and results of homogeneity studies 

Study Material 1 homogeneity data were analysed by one-way ANOVA and between-unit 

standard deviation (sbb) calculated. Homogeneity data for Study Materials 2, 3 and 4 were 

analysed using R version 3.6.1 running inside RStudio version 1.2.5001, using mixed effects 

models with maximum likelihood estimation. Models with mean value and dPCR plate row 

and column as fixed effects, and between unit variation (and dilution, Material 4) as (nested) 

random effect(s) were evaluated, with the most appropriate model chosen based on Akaike 

Information Criterion (AIC). For Materials 2 and 4, the best model was with mean value as the 

only fixed effect. For Material 3, dPCR plate column was included as additional fixed effect. 

Between-unit standard deviations are reported in Table 3 and were concluded to be acceptable.  

Table 3: Study Material homogeneity results. 
Study Material (gene target measured) Relative s(bb) 

1 (N) 0.9 % 

1 (E) 0.9 % 

2 (N) 2.7 % 

3 (N) 2.0 % 

4 (N) 4.5 % 

 

Stability Assessment of Study Material 

Design of short-term stability studies 

A short-term stability (STS) study was performed by incubation of Study Materials 1 to 3 on 

dry ice, at 4 C and 27 C for 3 days and 7 days (and 14 days, Study Material 1 only) and 

compared to reference temperature (-80 C) (n = 3 units per condition). Due to the limitation 
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in unit number, two units of Study Material 4 were placed on dry ice, at 4 C or 27 C for 7 

days and compared to the reference temperature.  

Short-term stability for all four Study Materials was assessed by RT-dPCR (n = 3). For Study 

Material 1 (NIMC), a duplex assay to ORF1ab/E was used. For Study Materials 2-4 (NML), 

the US CDC ‘N2’ assay was used. For Study Material 4, duplicate gravimetric dilution series 

were performed using an Ohaus E10640 balance to 4 decimal places with triplicate RT-dPCR 

measurements. Study Material 4 stability was also evaluated using the Total RNA Pico Kit 

with the Agilent 2100 Bioanalyzer to check for effects on the expected molecular size of 974 

bp. 

Results of short-term stability studies 

Study Material 1 short-term stability study data were analysed using T-test with Bonferroni 

correction for multiple testing. Each storage temperature was compared with the reference 

temperature (− C) with time points and units as a fixed effect. The magnitude and 

significance of the effects of storage temperature and duration are shown in Table 4. Study 

Material 1 showed a non-significant reduction in concentration at the 3 day timepoint at dry 

ice temperature, however this was interpreted as a random effect as no difference was found at 

7 days. Concentration increased at the 7 day timepoint under 4 C (p = N.S.), which was 

possibly caused by evaporation. Material 1 showed significant reductions in concentration 

following 3-day and 7-day incubation at 27 C. 

For Study Materials 2, 3 and 4, short-term stability study data were analysed using mixed 

effects models with maximum likelihood estimation. Each storage temperature was compared 

with the reference temperature (− C) with time points a fixed effects and unit (and dilution, 

Material 4) as random effect(s). The magnitude and significance of the effects of storage 

temperature and duration are shown in Table 4. Study Material 2 showed a reduction in 

concentration at the 3 day timepoint at 4 C, however this was interpreted as a random effect 

as no difference was found at 7 days. Study Materials 3 and 4 showed significant reductions in 

concentration following 7 days incubation at 27 C. Therefore, it was concluded that dry ice 

and 4 C were suitable for shipment whilst ambient temperature was not. Study Material 4 

stability was also evaluated by analysis of undiluted material by capillary gel electrophoresis 

(Figure 2), with no change in size of transcript observed. 

Table 4: Results of Short-Term Stability studies. 
Material Storage  

condition 

Time  

(days) 

Relative change in 

concentration  

(value/value reference 

temperature 

t-value Significant  

 (p-value) * 

1 

27 C 3 -12 %  Yes (1.25E-4) 

27 C 7 -10.4 %  Yes (3.48E-4) 

4 C 3 3 %  N.S. (0.15) 

4 C 7 8.6 %  N.S. (0.02) 

Dry ice 3 -7.9 %  N.S. (0.02) 

Dry ice 7 -2.9 %  N.S. (0.17) 

2 
27 C 3 -7 % -0.85 N.S. 

27 C 7 -8 % -1.00 N.S. 
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4 C 3 -15 % -3.15 Yes (t > 3) 

4 C 7 0 % 0.06 N.S. 

Dry ice 3 -1 % -0.12 N.S. 

Dry ice 7 -5 % -0.52 N.S. 

3 

27 C 3 -1 % -1.31 N.S. 

27 C 7 -7 % -5.93 Yes (t > 3) 

4 C 3 0 % -0.55 N.S. 

4 C 7 0 % 0.04 N.S. 

Dry ice 3 0 % -0.27 N.S. 

Dry ice 7 1 % 0.51 N.S. 

4 

27 C 7 -22 % -8.08 Yes (t > 3) 

4 C 18** 2 % 0.73 N.S. 

Dry ice 7 -1 % -0.47 N.S. 

*Threshold for significance: p = 0.0083 ( = 0.05, n (number of tests) = 6) 

**Due to an error, Material 4 units stored at 4 C were incubated for 18 days rather than 7 days. 

 

 

Figure 2: Study Material 4 short term stability: Size analysis using an Agilent 2100 

Bioanalyzer.  
Lane (L): 1-2, Dry ice; 3-4, 4 C; 5-6, 27 C; 7-11, -80 C.  

Design of long-term stability studies 

Long-term stability (LTS) of the Study Materials was monitored over the duration of study 

participation and changes in copy number concentration evaluated by RT-dPCR. Only units 

stored at the reference temperature of − C were analysed as this is the storage temperature 

for RNA samples which was recommended to participants.  

Study Material 1 stability was evaluated by NIMC at 0 months, 4 months and 9 months post-

production (March, July, December 2020) (n = 3 units per timepoint) after preparation, with 

measurements of both N and E genes performed (RT-dPCR n = 3) (see Appendix B).  

Study Material 2, 3 and 4 stability was evaluated by NML for ≈ 6 months (November 2020) 

after the date of the homogeneity and short-term stability studies (May 2020), with four units 

of each material being assessed. Triplicate RT-dPCR measurements of each unit were 

performed with the CDC N2 assay. A single gravimetric dilution series was performed with 
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each unit of Study Material 4 (as described for the short-term stability study of SM4, Appendix 

B).  

Results of long-term stability studies 

The results of long-term stability studies (LTS) are shown in Figure 3.   

 

Figure 3: Results of the long-term stability assessment studies. 
(A) Study Material 1 (Measurand 1) (B) Study Material 1 (Measurand 2); Error bars show between-unit SD. 

Measurand 1 results for (C) Study Material 2; (D) Study Material 3 and (E) Study Material 4. Dots represent mean 

value per unit. 

LTS results for Study Material 1 were analyzed with linear regressions by plotting time points 

(x, months) and RNA copy concentration (y, cp/μL). The slope of the regression lines was 

tested for statistical significance (95 % confidence level). No obvious trend was observed for 

both E and N gene after storage of 9 months and the observed values were within the range of 

the coordinator’s assigned values (Table 5). 

LTS results for Study Materials 2, 3 and 4 were analyzed using the model:   

y ≈ Time / Unit,  

where Unit (a random effect) is nested within time point (a fixed effect), and y is either λ (Study 

Materials 2 and 3) or RNA copy concentration (Study Material 4). A between-time point mean 
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square MSt which is larger than the between-unit mean square MSu indicates a non-zero time 

effect (which may or may not be significant). For Study Material 2, MSt < MSu, and this shows 

that there is no significant evidence for a difference in mean between the two time points. For 

Study Materials 3 and 4 MSt > MSu, therefore results were then analyzed using a mixed-effects 

model with restricted maximum likelihood, with timepoint as fixed factor and unit as random 

factor. This confirmed that there was no significant effect of storage for either Study Material 

3 or 4 (p = 0.20 and p = 0.21 respectively). The standard error associated with time in the 

mixed-effects model was included as an allowance for stability in the coordinator’s value 

assignment of these materials.  

Coordinators’ value assignment of Study Materials 

Study Material 1 

The coordinator’s assigned values for Study Material 1 are shown in Table 5 with contributions 

to the uncertainty in the assigned values shown in  

Table 6. Uncertainty due to long term stability was calculated according to ISO Guide 35.  

Table 5: Coordinator’s assigned values and uncertainties (Study Material 1). 
MATERIAL MEASURAND (UNIT) 

STUDY MATERIAL 1  Measurand 1 (N gene) (/L) 

Value (x) 1640 

Standard uncertainty (u)  57 

Coverage factor (k) 2 

Expanded uncertainty (U) 113 

Relative expanded uncertainty (Rel 

U) 
7 % 

 Measurand 2 (E gene) (/L) 

Value (x) 1142 

Standard uncertainty (u)  76 

Coverage factor (k) 2 

Expanded uncertainty (U) 152 

Relative expanded uncertainty (Rel 

U) 
13 % 

 

Table 6: Uncertainty contributions to coordinator’s assigned values (Study Material 1). 
Factor Measurand 1 (N) Measurand 2 (E) 

Method precision (%) 1.77 1.84 

Homogeneity (%) 0.85 0.88 

Partition volume (%) 0.80 0.80 

Stability (%) 2.7 6.3 

Contributions are shown as relative standard uncertainties.  

Study Materials 2, 3 and 4 

The coordinator’s assigned values for Measurand 1 in Study Material 2, 3 and 4 are shown in 

Table 7 based on measurements performed with the US CDC N2 gene assay. Measurand 2 was 

not measured in Study Material 2 as it was expected that the ratio of the N and E genes was 

approximately equal. Contributions to the uncertainty in the assigned values are shown in Table 

8. For Study Material 2, no difference in variation between units was observed in the long-term 
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stability study compared to the homogeneity study, therefore no allowance was included for 

stability. For Study Materials 3 and 4, an increase in variance was associated with time in the 

long-term stability study, therefore an allowance is included based on the LTS (Table 8). 

Method precision is based on within-unit variation in the homogeneity study (repeatability 

conditions).  

Table 7: Coordinator’s assigned values and uncertainties (Study Materials 2, 3, 4) 
MATERIAL MEASURAND (UNIT) 

STUDY MATERIAL 2  Measurand 1 (N gene) (/L) 

Value (x) 21 

Standard uncertainty (u)  1.81 

Coverage factor (k) 2.18 

Relative expanded uncertainty (Rel U) 18.4 % 

Expanded uncertainty (U) 4 

STUDY MATERIAL 3 Measurand 1 (N gene) (/L) 

Value (x) 2720 

Standard uncertainty (u)  190 

Coverage factor (k) 2.36 

Relative expanded uncertainty (Rel U) 16.5 % 

Expanded uncertainty (U) 450 

STUDY MATERIAL 4 Measurand 1 (N gene) (/L) 

Value (x) 1.84  109 

Standard uncertainty (u)  0.157  109 

Coverage factor (k) 2.16 

Relative expanded uncertainty (Rel U) 18.4 % 

Expanded uncertainty (U) 0.340  109 

Expanded uncertainties are rounded outwards to larger of 2 s.f. or nearest whole copy number. Values given to 

the same s.f. as expanded uncertainties. Standard and relative expanded uncertainties provided to 3 s.f. and applied 

without rounding. Coverage factor was calculated using the Welch Satterthwaite equation taking into account 

degrees of freedom associated with each of the contributors to the uncertainty (Table 8).  

 

Table 8: Uncertainty contributions to coordinator’s assigned values (Study Materials 2, 3, 4) 
Factor Study Material 2 Study Material 3 Study Material 4 

Method precision (%) 4.63 % 0.840 % 0.650 % 

Homogeneity (%) 2.68 % 1.94 % 4.43 % 

Partition volume (%) 5.19 % 5.19 % 5.19 % 

Stability (%) No allowance 1.19 % 3.12 % 

Assay (%) 4.00 % 4.00 % 4.00 % 

Contributions are shown as relative standard uncertainties to 3 s.f.  
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SAMPLE DISTRIBUTION 

The majority of Study Materials were shipped on dry ice, however due to import or freight carrier restrictions, some participants received materials 

shipped on ice packs. Laboratory 12 did not receive Study Material 1 as it was not possible to arrange direct shipment from China. 

Table 9: Distribution of Study Material 1 for CCQM-P199b (NIMC).  
Laboratory ID Shipping date/time Arrival time date/time Days in transit Shipment conditions 

16 08/07/2020 13/07/2020 5 dry ice 

17 08/07/2020 13/07/2020 5 ice packs 

15 08/07/2020 16/07/2020 8 dry ice 

10 04/07/2020 08/07/2020 4 dry ice 

2 11/07/2020 13/07/2020 2 dry ice 

1 10/07/2020 13/07/2020 3 dry ice 

13 03/07/2020 06/07/2020 3 dry ice 

3 22/07/2020 24/07/2020 2 dry ice 

18 19/06/2020 22/06/2020 3 dry ice 

14 02/07/2020 03/07/2020 1 dry ice 

9 08/07/2020 13/07/2020 5 dry ice 

5 02/07/2020 06/07/2020 4 dry ice 

7 04/07/2020 06/07/2020 2 dry ice 

19 02/07/2020 03/07/2020 1 dry ice 

4 04/07/2020 06/07/2020 2 dry ice 

21 21/07/2020 24/07/2020 3 dry ice 

8 08/07/2020 14/07/2020 6 dry ice 

20 11/08/2020 20/08/2020 9 dry ice 

11 14/07/2020 16/07/2020 2 dry ice 
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Table 10: Distribution of Study Materials 2-4 for CCQM-P199b (NML).  
Laboratory ID Study 

Material 4 

Shipped Date (UTC) Arrival Date (UTC) Days in 

transit 

Shipment conditions Comments 

16  19/06/2020, 17.51 02/07/2020 13 dry ice   

17  12/06/2020, 9:32 15/06/2020, 17:44 3.3 dry ice   

10  02/06/2020, 15:22 03/06/2020, 9:00 0.7 dry ice   

12  17/07/2020 05/08/2020 19 dry ice Arrival time not recorded 

15 Y 29/06/2020 01/07/2020, 13:00 2 dry ice   

2  02/06/2020, 15:22 03/06/2020, 12:33 0.8 dry ice   

1  09/06/2020, 14:33 10/06/2020, 13:00 0.8 dry ice   

13 Y 19/06/2020 22/06/2020, 8:10 3 dry ice   

18  02/06/2020, 15:22 03/06/2020, 10:15 0.8 dry ice   

3  02/06/2020, 15:22 03/06/2020, 10:10 0.8 dry ice   

14  12/06/2020 17/06/2020 5 dry ice Arrival time not recorded 

6 Y 03/07/2020 07/07/2020 4 dry ice Form 2 not received 

9  12/06/2020, 09:32 15/06/2020, 16:40 3.2 dry ice   

5 Y 12/06/2020 15/06/2020 3 dry ice Form 2 not received 

7 Y 19/06/2020 23/06/2020 4 dry ice Arrival time not recorded 

4 Y 02/06/2020, 15:22 03/06/2020, 10:00 0.8 dry ice   

21  29/06/2020, 9:04 09/07/2020, 16:25 10.3 ice packs   

8 Y 01/06/2020, 9:31 05/06/2020, 12:49 4.1 dry ice   

20  29/06/2020, 9:04 03/07/2020, 15:45 5.2 ice packs   

11  29/06/2020, 9:04 07/07/2020, 10:00 8 ice packs   
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TIMELINE 

Table 11 shows the timeline for CCQM-P199b. 

 

Table 11: Timeline for CCQM-P199b. 

Date Action 

05 May 2020 Call for participation (Protocol v1.0 circulated) 

06 May 2020 Study proposal and authorization at NAWG meeting 

12 May 2020 Registration deadline for participants 

22 May to 11 August 

2020 
Study Material 1 distribution (NIMC) 

01 June to 31 July 

2020 
Study Material 2 to 4 distribution (NML) 

05 August 2020 Protocol v1.1 circulated (Results of homogeneity and stability studies) 

30 September 2020 Result submission deadline (participants informed 05 August 2020) 

14 October 2020 
Extension to Result submission deadline (participants informed 14 

September 2020) 

20 November 2020 Anonymised Study Results sent to participants for review 

24-25 November 2020 
Presentation of Study Results at CCQM NAWG meeting (Study Material 

4 results blinded) 

10 March 2021 Draft A Report circulated to Participants 

30 March 2022 Draft B Report circulated to Participants 

November 2022 Final Report circulated to NAWG 

RESULTS 

Reporting of Results 

Participants were requested to report an average value and expanded uncertainty for RNA copy 

number concentration result for each of the Measurands and Materials.  

In addition to the quantitative results (Form 3), participants were instructed to describe their 

analytical methods, experimental design and approach to uncertainty estimation (Form 4). As 

the majority of laboratories used RT-dPCR, dPCR experimental parameters were recorded in 

Form 5 based on the Minimum Information for Publication of Digital PCR Experiments 

(dMIQE) guidelines [19]. 

CCQM-P199b results were submitted by 21 of the 22 institutions that received samples. 

Laboratory 8 withdrew their result for Study Material 2 due to inconsistencies between the 

values for the two measurands (which were expected to be approximately equal based on both 

genes being on the same lentiviral construct, as described in Study Protocol). Laboratory 12 

did not receive Study Material 1. Seven laboratories received Study Material 4 which was 

intended for analysis with orthogonal (non RT-dPCR) methods; Laboratory 4 and Laboratory 

8 did not report a result for Study Material 4.  
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Laboratory 10 resubmitted their results following unblinding of the Study Results (19 

November 2020) due to noticing that a dilution factor had not correctly been applied. This was 

before discussion of the results at CCQM- Nucleic Acid Working Group (NAWG) meeting, 

therefore both original and amended results were presented by the coordinator (Appendix F). 

Following discussion of the study results (January 2021), Laboratory 8 provided supplementary 

follow-up data for Study Materials 1 to 4 using one-step RT-dPCR. Laboratory 20 also 

provided supplementary data from two-step RT-dPCR analysis which was performed at the 

time of study participation (Appendix K).  

Calibration Materials Used by Participants 

For the analysis of Study Materials 1 to 3, participants did not apply calibration materials, with 

the exception of Laboratory 21 which used RT-qPCR calibrated to commercial RM (Table 12). 

Table 12: Calibration Materials used for measurement of Study Material 1-3. 
Laboratory 

ID 
RM Provider Analyte Assigned value 

Method used to 

value assign RM 

21 

SARS-

CoV-2 

standard 

Cat # 

COV0191 

Bio-Rad/ 

Exact 

Diagnostics 

RNA transcripts 

representing SARS-

CoV-2 E, N, 

ORF1ab, RdRP and 

S genes, in a 

synthetic matrix 

containing human 

genomic DNA* 

200,000/mL per 

RNA transcript 

(uncertainty not 

provided) 

Bio-Rad dPCR 

1Information based on Bio-Rad/Exact Diagnostics SARS-CoV-2 Standard Product Information Ref. PI0103 Rev. 

03.00. *Requires extraction 

For the analysis of Study Material 4, laboratories performing ID-MS applied in-house 

calibration materials which were characterised in terms of purity. Table 13 lists the materials, 

their assigned molar concentration or purity, the method used, and how the participant had 

demonstrated their competence in the use of the method(s). 

 

Table 13: Calibration Materials used for measurement of Study Material 4. 

Laboratory 

ID 
CRM Provider Measurand 

Certified value 

and 

uncertaintya 

units] 

Method used to value 

assign CRM; basis for 

(traceability)  

5 

Calibration 

solutions prepared 

and certified at 

Laboratory 5 

Lab. 5 

Amount of substance 

concentration of 

nucleotide 

monophosphate 

solutions 

AMP-1-B 

751.4 nmol/g 

±1.4 nmol/gb 

UMP-1-B 

601.9 nmol/gb 

GMP-1-B 

586.5 nmol/gb 

CMP-1-B 

620.5 nmol/gb 

Quantitative NMR 

(traceable to NMIA 

CRM QNMR002) 

6 

GBW(E) 100154 

Purity of 

Adenosine-

5’monophosphoric 

acid  

NIMC 

Purity (mass 

fraction) of 

nucleotide 

monophosphoric 

acid,  

AMP: 98.9 %± 

0.7 % (g/g) 

CMP: 99.3 %± 

0.6 % (g/g) 

HPLC and HR-ICP-MS 
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GBW(E) 100067 

Purity of Cytidine-

5’monophosphoric 

acid  

GBW(E) 100068 

Purity of 

Guanosine-

5’monophosphate 

disodium salt 

GBW(E) 100069 

Purity of Uridine- 

5'monophosphate 

disodium salt 

Purity (mass 

fraction) of 

nucleotide 

monophosphate 

disodium salt 

GMP: 98.8 %± 

0.6 % (g/g) 

UMP: 99.4 %± 

0.4 % (g/g) 

7 
In-house NMP 

standard solutions 
Lab. 7 

Amount of substance 

concentration of 

nucleotide 

monophosphate 

AMP: 1083.5 

nmol/g±31.4 

nmol/g 

CMP: 1179.2 

nmol/g±31.9 

nmol/g 

GMP: 1052.8 

nmol/g±24.2 

nmol/g 

UMP: 1155.7 

nmol/g±25.7 

nmol/g 

1H NMR using 

potassium hydrogen 

phthalate (traceable to 

NMIJ CRM 3001-b as 

internal standard). 

 

a Stated as Value ± U95(Value) 

b The certified value expanded uncertainty used k = 2 

Methods Used by Participants 

For the analysis of Study Materials 1, 2 and 3, the majority of laboratories (19/21) used RT-

droplet dPCR (Bio-Rad QX100/QX200 systems), with 17 of those laboratories using the One-

Step RT-ddPCR Advanced Kit for Probes (Bio-Rad) and two laboratories employing a two-

step RT-dPCR approach (Laboratory 8 and Laboratory 11). One laboratory (Laboratory 7) used 

the microfluidic chip-based QS3D dPCR system (Thermo Fisher Scientific). One laboratory 

(Laboratory 21) used one-step RT-qPCR, calibrated using a commercial SARS-CoV-2 

standard (Table 12 above). 

For the analysis of Study Material 4, five laboratories reported results. Laboratory 5 and 

Laboratory 6 each reported two results sets using RT-dPCR and ID-MS. Laboratory 7 

measured Study Material 4 using ID-MS. Laboratory 13 measured this material using SMFC 

with specific oligonucleotide probes. Laboratory 15 was not able to measure Study Material 4 

using orthogonal methods therefore submitted a result using RT-dPCR. 

Further information on the analytical techniques and dPCR methodological parameters are 

summarized in Appendix H. The participants’ approaches to estimating uncertainty are 

provided in Appendix I. 

 

 

Participant Results  
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Participant results for CCQM-P199b are detailed in Tables 14 to 17 and presented graphically 

in Figures 4 to 7.  

All 21 laboratories measured Study Material 3 (Measurand 1). Twenty laboratories reported 

values for Measurand 1 in Study Materials 1 and 2. Sixteen laboratories reported values for 

optional Measurand 2 in Study Materials 1 and 2. Two laboratories (Laboratories 1 and 2) 

reported two results for Study Materials 1, 2 and 3 (Measurand 1), with one result being 

nominated as their main result and one result being designated as supplementary. Five 

laboratories reported results for Study Material 4, with two laboratories (Laboratories 5 and 6) 

reporting two sets of results (both treated as nominated results as completely different methods 

were used). 

Laboratory 21 reported a low value for Study Material 3 (Measurand 1) which was attributable 

to the assay used not being able to amplify the Study Material 3 template. Laboratory 21’s RT-

qPCR assay for the N gene used was based on the Hong Kong University developed assay 

(amplicon position reference NC_045512.2:29145-29254), with the reverse primer being 

situated outside of the template region (Table 1). 
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Table 14: CCQM-P199b participants' measurement results for Study Material 1. 

 Measurand 1 Measurand 2 

Lab 

ID x (/µL) u (/µL) k U (/µL) 

Rel U 

(%) x (/µL) u (/µL) k U (/µL) Rel U (%) 

1(S) 1284 102 2 203 16.00           

1(N) 1745 99 2 198 11.00           

2(S) 1599 83 2 167 10.40           

2(N) 1953 51 2 102 5.20           

3 1503 100 2 201 13.37 1061 79 2 158 14.89 

4 1528.5 73 2.056 150 10 1325.5 91 2.056 187 14 

5 2260 120 2.16 270 12 1710 61 2 120 7.1 

6 1596 75 2 150 9.50 1196 50 2 100 8.40 

7 2643 102 2 203 7.69           

8 3350 233 2 465 14.00 856 49 2 97 12.00 

9 1543 86 1.9 163 10.60 1233 72 2 144 11.70 

10* 1900.01 57.61 2.01 115.9 6.10 1080.39 67.90 2.14 145.64 13.48 

11 1480.9 126 2 252 17.00 979 106 2 212 21.60 

12                     

13 1.94E+03 1.68E+02 2.02 3.39E+02 17.50 1.20E+03 9.54E+01 2.03 1.94E+02 16.10 

14 960.33 89.89 2 179.78 18.72 848.81 112.35 2 224.70 26.47 

15 2116 110 2.00 220 10.4 1190 54 1.97 107 8.99 

16 1337 104 2 207 16.00 961 112 2 223 23.00 

17 911.88 22.36 2 44.72 4.9           

18 1921.83 23.63 2 47.26 2 1211 9.19 2 18.38 2 

19 2010 135 2.447 330 16.40 1260 87.1 2.365 210 16.70 

20 1635 80 2.16 175 11.00 1083 52 2.16 113 10.00 

21 1.20E+03 1.33E+02 2 2.66E+02 22.00 1.94E+03 3.29E+02 2 6.57E+02 34.00 
Key: S, supplementary result; N, nominated result; x, value; u, standard uncertainty; k, coverage factor; U, expanded uncertainty; Rel U, relative expanded uncertainty; * 

Corrected data. Original submission in Appendix F. Number format is as submitted by participants.  
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Table 15: CCQM-P199b participants' measurement results for Study Material 2. 

 Measurand 1 Measurand 2 

Lab ID x (/µL) u (/µL) k U (/µL) Rel U (%) x (/µL) u (/µL) k U (/µL) Rel U (%) 

1(S) 9.9 1.6 2 3.2 32.00           

1(N) 12.4 1.0 2 1.9 16.00           

2(S) 14.8 0.7 2 1.4 9.50           

2(N) 16.2 0.7 2 1.4 8.60           

3 14 1 2 2 14.29 17 1.5 2 3 17.65 

4 13 1.7 2.056 3.5 27 17 2.1 2.056 4.3 26 

5 19 1.7 2.05 3.6 19 25 2.1 2.07 4.3 17 

6 12.67 0.55 2 1.10 8.70 15.31 0.58 2 1.16 7.60 

7 27.6 4.9 2 9.7 35.20           

8                     

9 19 6.4 2 12.8 67.00 18.7 5.5 2 11 59.00 

10* 14.20 0.91 1.99 1.85 13 7.32 0.57 1.99 1.15 15.64 

11 11.7 2.26 2 4.5 38.60 13.6 2.35 2 4.7 34.60 

12 15.2 2.0 2.1 4.1 27.00 16.8 2.4 2.1 5.1 31.00 

13 1.48E+01 1.41E+00 2.06 2.90E+00 19.60 1.68E+01 1.50E+00 2.11 3.16E+00 18.80 

14 8.21 2.51 2 5.03 61.23 10.97 2.81 2 5.62 51.26 

15 17 2 2.1 5 29 18 3 2.1 5 28 

16 19 5 2 10 53.00 17.4 2.1 2 4.3 24.40 

17 8.84 0.26 2 0.52 5.83           

18 15.11 0.67 2 1.33 9 15.74 0.55 2 1.1 7 

19 21 1.59 2.201 4 19.00 22 1.68 2.228 4 18.20 

20 13.5 1.4 2.16 3.1 23.00 16.1 1.2 2.16 2.7 17.00 

21 5.27E+01 4.07E+00 2 8.14E+00 15.00 3.54E+01 2.14E+00 2 4.28E+00 12.00 
Key: S, supplementary result; N, nominated result; x, value ; u, standard uncertainty; k, coverage factor; U, expanded uncertainty; Rel U, relative expanded uncertainty; * 

Corrected data. Original submission in Appendix F. Number format is as submitted by participants. 
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Table 16: CCQM-P199b participants' measurement results for Study Material 3. 

 Measurand 1 (N) 

Lab ID x (/µL) u (/µL) k U (/µL) Rel U (%) 

1(S) 1579 121 2 241 15.00 

1(N) 1995 117 2 235 12.00 

2(S) 1879 54 2 108 5.70 

2(N) 2484 68 2 136 5.50 

3 2171 130 2 260 11.98 

4 1906 98 2.056 201 11 

5 2560 110 2.02 220 8.7 

6 1946 50 2 100 5.10 

7 3176 90 2 179 5.64 

8 4237 370 2 740 18.00 

9 2130 160 2 320 15.00 

10* 2025.75 117.17 2.20 257.9 12.73 

11 1569 185.2 2 370.3 23.60 

12 2585 94 2.3 217 8.00 

13 2.36E+03 2.07E+02 2.02 4.17E+02 17.70 

14 1488.15 76.92 2 153.83 10.34 

15 2608 118 1.97 232 8.9 

16 1969 69 2 139 7.00 

17 1371.01 22.60 2 45.20 3.3 

18 2235 37.18 2 74.36 3 

19 2600 171 2.447 420 16.20 

20 1980 117 2.2 258 13.00 

21 1.14E+01 4.12E+00 2 8.24E+00 72.00 
Key: S, supplementary result; N, nominated result; x, value ; u, standard uncertainty; k, coverage factor; U, expanded uncertainty ; Rel U, relative expanded uncertainty (%); 

*Corrected data. Original submission in Appendix F. Number format is as submitted by participants. 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 27, 2024. ; https://doi.org/10.1101/2024.03.27.584106doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.584106
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

Table 17: CCQM-P199b participants' measurement results for Study Material 4. 

  Measurand 1 

Lab ID Technique x (/µL) u (/µL) k U (/µL) Rel U (%) 

1       

2       

3       

4       

5A RT-dPCR 1.77E+09 4.8E+07 2.03 9.8E+07 5.5 

5B ID-MS 1.80E+09 9.3E+07 2.2 2.1E+08 11 

6A RT-dPCR 1.23E+09 5E+07 2 1.0E+08 8.40 

6B ID-MS 1.89E+09 7E+07 2 1.4E+08 7.4 

7 ID-MS 2.02E+09 1.15E+08 2 2.30E+08 11.4 

8       

9       

10       

11       

12       

13 SMFC 1.48E+09 4.40E+07 2.3 1.02E+08 6.90 

14       

15 RT-dPCR 2.31E+09 1.35E+08 2.57 3.46E+08 15 

16       

17       

18       

19       

20       

21       
Key: For laboratories submitting > 1 result: A, Result 1; B, Result 2; x, value (/L); u, standard uncertainty (/L); k, coverage factor; U, expanded uncertainty (/L); Rel U, 

relative expanded uncertainty. Number format is as submitted by participants. 
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Figure 4: CCQM-P199b participants' measurement results for Study Material 1.  
Dots represent the reported values, x; bars their 95 % expanded uncertainties, U(x). N, nominated result. S, 

supplementary result.  
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Figure 5: CCQM-P199b participants' measurement results for Study Material 2.  
Dots represent the reported values, x; bars their 95 % expanded uncertainties, U(x). N, nominated result. S, 

supplementary result. 
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Figure 6: CCQM-P199b participants' measurement results for Study Material 3.  
Legend as Figures 4-5. 

 
Figure 7: CCQM-P199b participants' measurement results for Study Material 4.  
Dots represent the reported values, x; bars their 95 % expanded uncertainties, U(x). Techniques used by 

participants are given in brackets: ID-MS, isotope dilution mass spectrometry; FC, single molecule flow 

cytometry.  

1(
S
)
1(

N
)

2(
S
)
2(

N
) 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

0

1000

2000

3000

4000

5000

Study  Material 3: Measurand 1

Laboratory ID

R
N

A
 c

o
p

y
 n

u
m

b
e

r 
c

o
n

c
e

n
tr

a
ti

o
n

 (
/

L
)

5 
(RT-dPCR)

5 
(ID-MS)

6 
(RT-dPCR)

6 
(ID-MS)

7 
(ID-MS)

13 
(FC)

15 
(RT-dPCR)

1.0×109

1.5×109

2.0×109

2.5×109

3.0×109
Study Material 4: Measurand 1

Laboratory ID (Technique)

R
N

A
 c

o
p

y
 n

u
m

b
e

r 
c
o

n
c

e
n

tr
a
ti

o
n

 (
/

L
)

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 27, 2024. ; https://doi.org/10.1101/2024.03.27.584106doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.584106
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

Interlaboratory reproducibility and consistency 

Table 18 provides a summary of the reproducibility of the study results according to Study 

Material, Measurand and technique expressed as the adjusted median absolute deviation from 

the median (MADe) or standard deviation (SD) or their values relative to the average (median 

or mean). For Study Materials 1 and 2, all nominated results are shown as well as only data for 

laboratories performing RT-dPCR. For Study Material 3, the RT-qPCR result (laboratory ID 

21) was excluded due to the N gene assay used not being able to detect the Study Material 3 

partial N gene construct. For Study Materials 1 and 2, the reproducibility was better for 

Measurand 2 (E gene) compared to Measurand 1 (N gene). This is likely to be associated with 

a wider variety of assays and techniques being used for Measurand 1 compared to Measurand 

2. The reproducibility of ID-MS results for the measurement of Study Material 4 was good, 

with an interlaboratory % CV of 5.8 % compared to RT-dPCR, which varied between 19 % 

and 31 % (range for all Study Materials and Measurands).  

Table 18: Summary of descriptive statistics for nominated results. 
Study Material 

(Measurand) 

Data 

Median 

(/µL) 

MADe 

(/µL) 

Relative 

MADe 

Normal 

distrib. 

(Y/N)** 

Mean 

(/µL) 

SD (/µL) % CV 

1 (1) all 1690 380 23 % Y 1777 562 32 % 

1 (1) RT-dPCR 1745 359 21 % Y 1807 560 31 % 

1 (2) all 1193 181 15 % N 1196 286 24 % 

1 (2) RT-dPCR 1190 163 14 % Y 1146 213 19 % 

2 (1) all 15.0 3.6 24 % N 17.3 9.4 55 % 

2 (1) RT-dPCR 14.8 3.3 22 % Y 15.4 4.5 29 % 

2 (2) all 16.9 2.0 12 % N 17.7 6.2 35 % 

2 (2) RT-dPCR 16.8 1.8 11 % Y 16.5 4.1 25 % 

3 (1) RT-dPCR 2150 429 20 % N 2270 634 28 % 

4 (1) all 1.800 

109 

3.26 

108 
18 % 

Y 1.786 109 
3.52108 20 % 

4 (1) RT-dPCR n too small N/A 1.770 109 5.40108 31 % 

4 (1) ID-MS n too small N/A 1.903 109 1.11108 5.8 % 

MADe and SD are given to 3 significant figures (s.f.) for Materials 1, 3 and 4, with median or mean to the same 

order of magnitude.  

For Study Material 2, MADe and SD are given to 2 s.f. and median or mean to the same number of decimal places. 

Relative variation (% MADe or % CV) are given to 2 s.f. for all Materials/Measurands.  

**Normality testing shows the result of Shapiro-Wilk test (alpha = 0.05).  

For non-normally distributed datasets, mean, SD and % CV shown for information only (grey).  

N/A: normality not assessed for subsets of Study Material 4 data as number of laboratories too small (n = 3). 

The results of pairwise comparison of individual laboratories’ results and uncertainties was 

performed (Appendix J). The majority of results were consistent between laboratories. In some 

cases, underestimation in the reported uncertainties (for example where only precision terms 

where included in uncertainty budgets) led to statistically significant differences in values with 

other laboratories. As observed in the reproducibility metrics, Measurand 2 for Study Material 

1 was measured more consistently between laboratories than Measurand 1. Study Material 2 

results (both Measurands) showed fewer inconsistencies between laboratories, presumably due 
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to the low concentration of the material leading to less precise measurements and higher 

reported laboratory uncertainties. The Study Material 3 dataset showed outlying results at both 

ends of the reported concentration range (Laboratories 14 and 17  at the lower end and 

Laboratories 7 and 8 at the higher end of the range). In the Study Material 4 dataset, the 

Laboratory 6 RT-dPCR and Laboratory 13 SMFC results were significantly lower than the 

other five results (p < 0.001 for majority of pairwise comparisons), whilst the Laboratory 15 

RT-dPCR was higher than the majority of results (p < 0.05), with the exception of the 

Laboratory 7 ID-MS result. Factors which may have led to differences between participants’ 

results are explored further in the Discussion of Results section.  

Comparison between Study Material 3 and 4 results 

As Study Material 3 was prepared by gravimetric dilution of Study Material 4, the results from 

analysis of the two materials were compared to inform sources of bias between the techniques 

used for analysis (predominantly RT-dPCR for Study Material 3, and ID-MS, SMFC and RT-

dPCR for Study Material 4). The comparison also enables evaluation of the ability of RT-dPCR 

to analyse highly concentrated materials which require serial dilution. The results of the five 

laboratories who measured Study Material 4 were extrapolated to the Study Material 3 

concentration range (Table 19) by division by the dilution factor of 8.087  105 linking the two 

study materials (Table 2). In addition, the submitted standard measurement uncertainties were 

combined with additional uncertainties for Study Material 4 homogeneity (relative u = 2.2 % 

for the analysis of 4 units) and the dilution uncertainty (relative u = 1.40 %, Table 2). The 

average values for Study Material 4 extrapolated results was very similar to the median of the 

Study Material 3 results (Table 18).  

Table 19: Study Material 4 participant results extrapolated to Study Material 3 concentration 

range. 
Laboratory 

ID 

Technique Extrapolated 

value (SM4*) 

(/L) 

Combined 

relative 

uncertainty 

(rel u) 

Combined 

relative 

expanded 

uncertainty 

(rel U) 

Extrapolated 

expanded 

uncertainty 

(/L) 

5 RT-dPCR 2189 3.83 % 7.78 % 170 

5 ID-MS 2226 5.69 % 12.53 % 279 

6 RT-dPCR 1521 5.00 % 10.00 % 152 

6 ID-MS 2337 4.59 % 9.18 % 214 

7 ID-MS 2498 6.32 % 12.63 % 316 

13 SMFC 1830 4.05 % 9.31 % 170 

15 RT-dPCR 2857 6.43 % 16.54 % 472 

Summary n Mean SD   

All data 7 2208 435   

Orthogonal 4 2223 285   

ID-MS 3 2354 137   

 

Comparison of nominated results for Study Material 3 (n = 20) and all extrapolated Study 

Material 4 (n = 7) (Figure 8A) by Welch’s t-test or non-parametric Wilcoxon rank sum test 
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show no significant difference in mean values (p = 0.78 and p = 0.98 respectively). The results 

of the five laboratories who analysed both study materials are compared in Figure 8B. 

Generally the results within laboratory were consistent with each other however Laboratory 

6’s RT-dPCR-based result for Study Material 4 was lower than the equivalent for Study 

Material 3.   
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Figure 8: Comparison of Study Material 3 and 4 extrapolated results.  
(A) All nominated results for Study Material 3 are compared with Study Material 4 results (all or those using 

orthogonal methods). Red line and error bars show mean and SD. (B) Results for laboratories analysing both 

Study Materials are compared. Dotted line shows Study Material 4 extrapolated mean value. Asterisk (*) 

designates extrapolated Study Material 4 results. Orthogonal methods (filled diamonds) refer to non RT-dPCR 

approaches: ID-MS (Laboratories 5, 6 and 7) and SMFC (Laboratory 13).  
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Discussion  

RT-dPCR approach and RT efficiency 

Laboratory 21 was the only laboratory which performed RT-qPCR calibrated to a QC material 

with concentration assigned by RT-dPCR (Bio-Rad). The RT-qPCR results for Study Material 

1 were consistent with most other laboratories: the result for Measurand 1 was slightly lower 

than the median, while the result for Measurand 2 was the highest reported, but with a large 

uncertainty. For Study Material 2, the Laboratory 21 result was 3-fold higher than the median 

for Measurand 1 and 2-fold higher than the median for Measurand 2 and not consistent with 

other laboratories, according to the reported uncertainty.  

Three laboratories submitted results based on two-step RT-dPCR (7, 8 and 11) and Laboratory 

20 provided supplementary results based on two-step RT-dPCR analysis (Appendix K). The 

one- and two-step RT-dPCR results are compared for Measurand 1 for Study Materials 1 to 3 

in Figure 9. Alternative RT kits were used by the laboratories who performed two-step RT-

dPCR, with three laboratories (7, 11, 20) using gene-specific primers and Laboratory 8 using 

random primers (Appendix H, Table H-1 and Appendix K). Laboratory 7 was also the only 

laboratory to use the QS3D dPCR platform (Thermo Fisher Scientific) compared to the 

majority who used the QX100/200 system (Bio-Rad). As noted in the “Interlaboratory 

reproducibility and consistency” section, results of laboratories 7 and 8 for Study Materials 1 

and 3 were higher the average of the one-step results. Laboratory 20’s additional two-step RT-

dPCR results (Appendix K) also tended to be higher than the average values. This suggests that 

systematic differences in the RT or PCR efficiency (“molecular dropout” [20]) or biases related 

to dPCR instruments such as partition volume may have led to differences between 

laboratories. Bias in partition volume of the QS3D is unlikely as this was characterised in-

house by Laboratory 7 and DNA copy number concentration measurements performed by 

Laboratory 7 in CCQM P184 were consistent with other laboratories’ results [21].   

Laboratory 5 was the only participant to include direct correction for RT efficiency in their 

results for Study Materials 1 to 3. Laboratory 7 also evaluated the general performance of the 

RT and dPCR reagents using NMIJ CRM 6204b to confirm a lack of bias. Laboratory 5’s 

SARS-CoV-2 assay-specific RT efficiency estimates varied between ≈ (70 to 100) %, 

depending on assay and calibrant (RNA oligomers or Study Material 4; personal 

communication, data not shown). Therefore it is possible that some laboratories’ values were 

affected by a negative bias due to incomplete conversion of RNA to cDNA or molecular drop 

out of the PCR. Non-specificity of RT priming leading to > 1 cDNA molecule per RNA may 

also be a cause of positive bias for two-step RT-dPCR using random primers (Laboratory 8). 

Following discussion of the study results at the CCQM NAWG meeting November 2020, 

Laboratory 8 reviewed results which were not submitted from experiments performed using 

the one-step RT-dPCR approach (QX200) and also performed additional measurements using 

Study Material 4 following the CCQM meeting (Appendix K). These RT-dPCR results were 

consistent with interlaboratory average values (Table 18). 
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Figure 9: Comparison of alternative RT-dPCR approaches.  
Study results (nominated values) for one- and two-step RT-dPCR approaches and supplementary two-step RT-

dPCR results (Laboratory 20) are shown for Study Materials 1 to 3 (Measurand 1) as black circles (labelled with 

Laboratory ID for two-step data). The dashed line represents the mean or median value for each Study Material 

as indicated. 

RT-dPCR assay 

Primer choice and optimisation are factors which may affect both RT and PCR efficiency. For 

Measurand 1, laboratories predominantly used RT-dPCR applied versions of public health 

laboratory-developed RT-qPCR assays: US CDC N1, N2, N3 and China CDC N assay, with 

three laboratories (8, 10 and 13) using in house developed primers/probes for all or some of the 

measurements and one (11) performing measurements with both the China CDC assay and a 

commercial kit (Figure 10 A, B, C). The CDC N1 assay which targets a region at the 5’ end of 

the N gene was associated with lower reported results for all three Study Materials. Comparing 

values for one-step RT-dPCR-performing laboratories using the CDC N1 assay (n = 3, 

excluding Laboratory 5 who applied RT efficiency correction), CDC N2 (n = 7) and China 

CDC N (n = 4), significant differences were found by one-way ANOVA (p = 0.0015), with 
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CDC N1 results lower than those for CDC N2 (p = 0.0011) and China CDC N (p = 0.033). The 

other approaches for N gene quantification appeared generally comparable with the CDC N2 

and China CDC N-assay values. Analysis of predicted N gene secondary structure affecting the 

CDC N1, N2 and N3 amplicon regions (Appendix L) suggested stronger intramolecular 

interactions in the CDC N1 region which could be a reason for the lower observed copy number 

concentration results. In addition, an intramolecular hairpin in the CDC N1 reverse primer was 

predicted (Appendix L) which may cause reduced RT efficiency.  

For Measurand 2 (Figure 10D and 10E), laboratories predominantly used the “Sarbeco E” assay 

developed by Corman and colleagues [22]. Two laboratories (10 and 13) developed inhouse 

assays for the E gene and two laboratories (11 and 12) used a combination of two assays 

(Sarbeco E and a commercial assay (11); Sarbeco E and an inhouse design (12)). Results from 

the alternative approaches were comparable with the Sarbeco E assay, however for Study 

Material 2, Laboratory 10’s result was the lowest reported value (Figure 10E, Figure 5). This 

was not attributable to primer mismatches in the Study Material 2 sequence (which differed to 

the reference sequence (Annex 2 of the Study Protocol (Appendix C)), but may be caused by 

inefficiency of cDNA conversion at the low template concentrations found in the material. The 

Sarbeco E forward and reverse primers each contained a single base mismatch in Study 

Material 2, therefore some laboratories (n = 4) modified the primers to correct for this and 

others used the assay as published (n = 6) (Figure 10F). The use of non-modified primers did 

not result in a significant difference in mean E gene copy number concentration (t-test, p = 

0.08) compared to modified primers, suggesting that the assay was tolerant of single base 

changes within the primer sequences.  
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Figure 10: Impact of RT-dPCR assays on study results.  
Comparison of RT-dPCR assays used by CCQM-P199b participants. Assay used by laboratories for Measurand 

1 for Study Materials 1 to 3 (A-C) and Measurand 2 for Study Materials 1 and 2 (D-E). Results for laboratories 

using the Sarbeco E assay with/without correction for SNVs in primer regions present in the material (F). 

Participants reported values shown as diamonds. Dashed line show median value of participants using RT-dPCR 

(A-E). Solid line shows median value (F). 

C
D
C
 N

1

C
D
C
 N

2

C
D
C
 N

3

C
hin

a 
C
D
C

In
house

O
th

er

0

1000

2000

3000

4000

Study Material 1

N gene assay

R
N

A
 c

o
p

y
 n

u
m

b
e

r

c
o

n
c

e
n

tr
a

ti
o

n
 (

/
L

)

Sar
bec

o E

In
 h

ouse

O
th

er

0

500

1000

1500

2000

Study Material 1

E gene assay
R

N
A

 c
o

p
y

 n
u

m
b

e
r

c
o

n
c

e
n

tr
a

ti
o

n
 (

/
L

)

C
D
C
 N

1

C
D
C
 N

2

C
D
C
 N

3

C
hin

a 
C
D
C

In
house

O
th

er

0

10

20

30

Study Material 2

N gene assay

R
N

A
 c

o
p

y
 n

u
m

b
e
r

c
o

n
c

e
n

tr
a

ti
o

n
 (

/
L

)

Sar
bec

o E

In
 h

ouse

O
th

er

0

10

20

30

Study Material 2

E gene assay

R
N

A
 c

o
p

y
 n

u
m

b
e

r

c
o

n
c

e
n

tr
a

ti
o

n
 (

/
L

)

C
D
C
 N

1

C
D
C
 N

2

C
D
C
 N

3

C
hin

a 
C
D
C

In
house

O
th

er

0

1000

2000

3000

4000

5000

Study Material 3

N gene assay

R
N

A
 c

o
p

y
 n

u
m

b
e

r

c
o

n
c

e
n

tr
a

ti
o

n
 (

/
L

)

N
o m

odifi
ca

tio
n

M
odifi

ed
 fo

r 
S
M

2

0

10

20

30

Sarbeco E gene assay

R
N

A
 c

o
p

y
 n

u
m

b
e

r

c
o

n
c

e
n

tr
a

ti
o

n
 (

/
L

)

Study Material 2

A

B

C

D

E

F

Measurand 1 Measurand 2

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 27, 2024. ; https://doi.org/10.1101/2024.03.27.584106doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.584106
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

dPCR partition volume 

Approaches to dPCR partition volume varied between laboratories (Table H4; summarised in 

Table 20). Six laboratories directly determined dPCR partition volume by microscopy. 

Laboratory 7 applied a partition volume 0.7532 nL (753.2 pL) for the QS3D system based on 

inhouse determination by scanning electron microscopy which was close to the manufacturer’s 

value of 755 pL. The partition volume of the QX100/QX200 system has been shown to vary 

according to type of reagents [23-26]. There were four direct measurements of QX100/200 

partition volume for the One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad). Laboratory 

9 performed a reagent comparison to adjust the previously determined partition volume for the 

ddPCR Supermixes for Probes with and without dUTP [25]. Laboratory 2 applied a directly 

determined value from another laboratory based on personal communication. Three 

laboratories applied a partition volume based on published values for ddPCR Supermix for 

Probes without dUTP, with Laboratory 19 adjusting this based on a reagent comparison. Ten 

laboratories using the QX100/200 system applied the manufacturer’s values (0.85 nL (n = 9), 

0.868 nL (n = 1)). Comparing the applied manufacturer’s partition volumes with the mean of 

the directly determined values (Table 20), the manufacturer’s values were 10 % to 12 % higher. 

As partition volume is inversely proportional to copy number concentration, this would equate 

to a 9 % to -11 % negative bias in reported results, if the true partition volume were closer to 

those measured by NMIs during this study.  

Table 20: Summary of approaches and values for QX100/200 dPCR partition volume  
Approach to partition volume Laboratory ID Partition volume 

Range (nL)* 

Ratio vs. mean 

direct 

measurement** 

Direct measurement microscopy 

(One-step RT-ddPCR Advanced 

Kit) 

5, 10, 12 and 20 0.76 to 0.793 0.98 to 1.02 

Direct measurement microscopy 

(alternative reagents) 

9 0.7472 0.97 

Direct measurement result 

(personal communication) 

2 0.735 0.95 

Literature 8, 15, 19 0.749 to 0.776 0.97 to 1.00 

Manufacturer’s values 1, 3, 4, 6, 11, 13, 14, 16, 

17, 18 

0.85 to 0.868 1.10 to 1.12 

*Value if n = 1. ** Partition volume (range) was divided by the mean value (0.774 nL) from the direct 

measurements of droplet volume with the One-step RT-ddPCR Advanced Kit.  

RNA copy number concentration results were compared between laboratories who applied a 

partition volume of < 0.85 nL (based on direct measurement or literature) and ≥ 0.85 nL based 

on the manufacturer’s values (Figure 11). As reagents may influence the underlying true 

partition volume, the impact of partition volume on RNA copy number concentration 

measurements was evaluated within the subset of data from the laboratories who used One-

Step RT-ddPCR Advanced Kit for Probes (Bio-Rad), as there were few laboratories (n = 3) 

who performed two-step RT-dPCR using ddPCR Supermix for Probes (both with and without 

dUTP (Appendix H, Table H3)). As discussed above, the CDC N1 assay was associated with 

lower quantitative measurements (Figure 10), therefore results from two laboratories using this 

assay for their nominated results were also excluded from the analysis, as this could be another 
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confounding factor. For Measurand 1 (N gene), the results reported by laboratories applying a 

partition volume of ≥0.85 nL were lower than the laboratories who applied a partition volume 

<0.85 nL for Study Materials 1, 2 and 3 (t-test, p = 0.036, p = 0.036 and p = 0.01 respectively). 

No significant differences were found between the grouping of laboratories’ results according 

to partition volume for Measurand 2 in Study Material 1 or 2.  

In conclusion, a systematic effect of partition volume value on RNA quantification was not 

observed, potentially due to additional sources of interlaboratory variation masking the effect 

of partition volume bias.   
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Figure 11: Impact of applied dPCR partition volume on study results.  
Comparison of a subset of CCQM-P199b results (nominated values) between laboratories applying a dPCR 

partition volume of <0.85 nL or ≥ 0.85 nL. For reasons explained in the text, results are included for only 

laboratories performing one-step RT-dPCR (Bio-Rad dPCR platform). Results from laboratories using the CDC 

N1 assay (Measurand 1) were excluded.  

The impact of partition volume on the interlaboratory reproducibility of one-step RT-dPCR 

measurements using the QX100/QX200 system was further evaluated by modelling the 
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scenario that all laboratories applied the same partition volume. The mean value (0.774 nL) of 

the One-Step RT-ddPCR Advanced Kit for Probes reagent partition volumes measured directly 

by participating laboratories (Table 20) was chosen to normalise results of laboratories who 

did not directly measure partition volume. These laboratories’ results for Study Materials 1 and 

3 were scaled according to Equation 1 based on the fact that partition volume is inversely 

proportional to concentration. The datasets for these Materials were chosen as measurements 

of Study Material 2 were less precise/more influenced by stochastic variation and therefore 

partition volume contributed less to the uncertainty in the participants’ results. 

𝑥𝑖′ = 𝑥𝑖 ∙
𝑉𝑝(𝑖)

0.774
 

Equation 1 

where xi is the original reported value of laboratory i, xi’ is the normalised value, Vp(i) is the 

partition volume applied by the laboratory.  

Table 21 compares the distribution of values as reported for laboratories performing one-step 

RT-dPCR (QX100/200) with and without normalization. The normalised data resulted in an 

increase in the mean values by 4 % to 5 % and showed improved reproducibility as indicated 

by a reduction in % CV and the range of results, suggesting that the application of a more 

standardized approach to partition volume within metrology laboratories could lead to 

improved interlaboratory agreement.    

Table 21: Impact of partition volume normalisation on interlaboratory variation. 
Study 

Material 

(Measurand) 

Study Material 1 (1) Study Material 1 (2) Study Material 3 (1) 

Dataset original normalised original normalized original normalised 

Number of 

values 
16 16 13 13 17 17 

Minimum 911.9 1001 848.8 932.2 1371 1506 

Maximum 2260 2260 1710 1710 2608 2647 

Range 1348 1259 861.2 777.8 1237 1141 

Mean 1679 1753 1182 1239 2142 2233 

Std. 

Deviation 
383 363 205 201 369 330 

% CV 22.8 % 20.7 % 17.4 % 16.3 % 17.2 % 14.8 % 

Results for laboratories performing one-step RT-dPCR (QX100/200 system) are compared before and after 

normalization with a fixed partition volume of 0.774 nL for laboratories not directly measuring this parameter. 

Measurement uncertainty estimation 

Inconsistencies between subsets of laboratories results were observed for all Study Materials, 

particularly in the larger Study Material 1 and 3 Measurand 1 datasets. Underestimation of 

measurement uncertainties (Appendix I) may have contributed to this; in particular, where 

laboratories estimated uncertainties taking only Type A precision data into account, very low 

uncertainties were reported in some cases. In addition to method (im)precision, the majority of 

participants included uncertainty sources due to between-unit variability (Type A or B 
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approach) and uncertainties related to sample/reaction preparation (gravimetric or volumetric 

depending on procedure used). However, uncertainties related to the factors highlighted in 

Discussion of Results: namely assay, RT efficiency and partition volume, were not included 

by all laboratories. The majority of NMIs/DIs included an allowance for partition volume 

uncertainty, however only four laboratories measured partition volume directly during the 

study (Table H8), therefore the measurement uncertainty allowance may not be accurate. It is 

not always feasible for laboratories to investigate the highlighted factors, due to limiting 

time/cost (alternative assays) or equipment/capability (microscopy facility for partition volume 

and applying orthogonal measurements for RT efficiency).  

PILOT STUDY CONSENSUS REFERENCE VALUES (RV) 

The consensus reference value (RV) was estimated following the CCQM guidance note 

CCQM13-22 [27]. Only nominated results from laboratories 1 and 2 were included for the 

Study Materials 1 to 3 datasets. Laboratory 21’s results were not included in the calculation of 

the consensus values for Study Materials 1, 2 and 3; the RT-qPCR approach used (calibration 

to a commercial QC material) was not traceable to the SI in its current format (i.e. the QC 

material was not assigned with a primary reference method and was not given an assigned 

uncertainty). Also, the Laboratory 21 results were outliers in the datasets for Study Material 1 

(Measurand 2) and Study Material 2 (both Measurands) and the inclusion of the result led to 

the data not passing tests for a normal distribution (Table 18). Also, as previously noted, the 

assay used for the N gene was not compatible with Study Material 3, therefore the result is also 

not included in this dataset. For Study Material 4, the RT-dPCR and ID-MS results from 

laboratories 5 and 6 were considered independently in the consensus value calculations for the 

Study Material 4. As study material homogeneity uncertainties were low for Study Materials 1 

to 3, this factor was not considered in the consensus RV uncertainty, however as Study Material 

4 had a higher between-unit uncertainty (Table 3), an allowance for this was included in the 

consensus RV for this dataset.  

Candidate RVs were calculated using classical and robust estimators as shown for each Study 

Material in Tables 22 to 25 and Figure 12. The recommended estimator is indicated by an 

asterisk (*) and further discussed below.  

Table 22: Candidate RV: Study Material 1. 
 Measurand Estimator Value 

/µL 

u  

/µL 

Degrees of 

freedom 

k U 

1 Mean* 1807.1 128.5 18 2.101 269.9 

 Median 1745.0 103.2 18 2.101 216.7 

 Huber Proposal 2 1764.6 101.0 18 2.101 212.2 

 Mandel-Paule 1793.7 125.5 18 2.101 263.6 

 DerSimonian-Laird 1794.5 129.7 18 2.101 272.4 

2 Mean* 1146.3 54.9 14 2.145 117.7 

 Median 1190.0 52.6 14 2.145 112.8 

 Huber Proposal 2 1128.1 47.8 14 2.145 102.5 

 Mandel-Paule 1151.6 55.0 14 2.145 117.9 

 DerSimonian-Laird 1153.4 46.1 14 2.145 99.0 

*Recommended estimator with the estimator uncertainty as given in CCQM13-22. 

Table 23: Candidate RV: Study Material 2. 
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Measurand Estimator Value 

/µL 

u  

/µL 

Degrees of 

freedom 

k U 

1 Mean * 15.4 1.0 18 2.101 2.2 

 Median  14.8 0.9 18 2.101 2.0 

 Huber Proposal 2 15.1 0.9 18 2.101 1.9 

 Mandel-Paule 14.6 0.9 18 2.101 1.8 

 DerSimonian-Laird 14.7 1.0 18 2.101 2.0 

2 Mean * 16.5 1.1 14 2.145 2.3 

 Median  16.8 0.6 14 2.145 1.2 

 Huber Proposal 2 16.6 0.7 14 2.145 1.5 

 Mandel-Paule 16.3 1.1 14 2.145 2.3 

 DerSimonian-Laird 16.4 1.3 14 2.145 2.8 

*Recommended estimator with the estimator uncertainty as given in CCQM13-22. 

Table 24: Candidate RV: Study Material 3. 
Estimator Value /µL u  

/µL 

Degrees of 

freedom 

k U 

Mean  2269.8 141.8 19 2.093 296.8 

Median * 2150.5 120.1 19 2.093 251.3 

Huber Proposal 2 2195.2 110.1 19 2.093 230.4 

Mandel-Paule 2242.5 133.1 19 2.093 278.7 

DerSimonian-Laird 2240.7 127.8 19 2.093 267.5 

*Recommended estimator with the estimator uncertainty as given in CCQM13-22. 

Table 25: Candidate RV: Study Material 4. 
Estimator Value /µL u  

/µL 

Degrees of 

freedom 

k U 

Mean * 1.79E+09 1.39E+08 7.0 2.36 3.28E+08 

Median  1.80E+09 1.60E+08 6.8 2.45 3.90E+08 

Huber Proposal 2 1.79E+09 1.67E+08 6.7 2.45 4.08E+08 

Mandel-Paule 1.77E+09 1.38E+08 7.0 2.36 3.26E+08 

DerSimonian-Laird 1.77E+09 1.25E+08 7.3 2.36 2.97E+08 

Note: Relative standard uncertainties based on distribution of participant data (according to the estimator used) 

were combined with a homogeneity relative uncertainty of 2.22 % (standard uncertainty/n (Table 3)) where n is 

the number of units supplied to each participant (n = 4). Degrees of freedom were calculated using the Welch 

Satterthwaite equation (degrees of freedom: participant data  = 6, homogeneity  = 5). *Recommended estimator 

with the estimator uncertainty as given in CCQM13-22. 
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Figure 12: CCQM-P199b candidate consensus RVs.  
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The candidate RVs and uncertainties were generally comparable between Study Materials and 

Measurands (E and N genes), although the uncertainty of median-based RV was smaller in 

some cases (most noticeably Study Material 2 Measurand 2). The weighted methods employed 

(Mandel Paul and DerSimonian Laird) were not deemed to be the most appropriate as 

measurement uncertainties varied in magnitude between laboratories using the same approach 

in the Study Material 1 to 3 datasets, as well as in the different factors which were included in 

uncertainty calculation (Appendix I), and notably where laboratories only included Type A 

precision effects in their budgets which led to very small uncertainties. Therefore, the 

uncertainties for these laboratories would need to be recalculated (or the results omitted) for an 

uncertainty weighted estimator to be valid. Likewise, the “excess variance” component 

modelled by these estimator is unlikely to reflect a factor which is equal in its effect on all 

laboratories. The Huber Proposal 2 (also known as H15) is a robust estimator which weights 

laboratories’ contribution to the average based on their similarity with other laboratories. This 

was considered not to be the most appropriate approach as it assumes that the true concentration 

value resides with the majority, however as highlighted previously, the majority of laboratories 

did not attempt to evaluate RT efficiency whereas Laboratory 5 applied a comprehensive 

approach to the estimation of RT efficiency. This resulted in the Laboratory 5 values being 

relatively high compared to the majority for Study Materials 1 and 2 and therefore further from 

the median and Huber estimates/uncertainties in some cases.  

Therefore, to give all of the included results equal weighting, the mean (with its uncertainty 

estimated as the SD/√n) are recommended as the consensus values for the datasets which are 

normally distributed (all datasets with the exception of Study Material 3). The Study Material 

4 dataset is also relatively small (n = 7) making the mean the most appropriate. Study Material 

3 results were not normally distributed (Table 18) and the mean value is influenced by the high 

result reported by Laboratory 8. This result was confirmed as an outlier by Grubb’s test (p = 

0.0026). Therefore, the median (with its uncertainty estimated as 1.24*MADe/√n) is 

recommended as the consensus RV for Study Material 3. The study results are shown in 

ascending order with the recommended estimator and expanded uncertainty in Figures 13 to 

15.  
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Figure 13: Study Material 1 consensus values, reported results and uncertainties.  
(A) Measurand 1. (B) Measurand 2. Dashed line showed recommended consensus value and dotted line, RV 

expanded uncertainty. Participants results are displayed as values (circles) and expanded uncertainty (error bars).  
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Figure 14: Study Material 2 consensus values, reported results and uncertainties.  
(A) Measurand 1. (B) Measurand 2. Dashed line showed consensus RV and dotted line, RV expanded uncertainty. 

Participants results are displayed as values (circles) and expanded uncertainty (error bars).  
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Figure 15: Study Material 3 and 4 consensus values, reported results and uncertainties.  
(A) Study Material 3 (Measurand 1). (B) Study Material 4 (Measurand 1). Black dashed and dotted lines showed 

RVs and expanded uncertainties. Red solid and dashed lines show Study Material 4 RV and expanded uncertainty 

extrapolated to the range of Study Material 3 (Table 2). Participants results are displayed as values (circles) and 

expanded uncertainty (error bars).   
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CONCLUSIONS 

CCQM-P199b assessed the capabilities of participating laboratories for targeted RNA copy 

number concentration measurements, and viral gene quantification in purified RNA materials. 

Candidate higher order methodologies were those based on enumeration: RT-dPCR and 

SMFC, or ID-MS methods based on traceability to amount-of-substance concentration of 

nucleotide standards of defined purity. RNA copy number concentration was reported for 

SARS-CoV-2 nucleocapsid (N) gene and, optionally, envelope (E) gene targets in number of 

copies per µL. Study Materials 1, 3 and 4 consisted of enzymatically synthesized RNA 

molecules and spanned six orders of magnitude from (103 to 109) /L. Study Material 2 

consisted of extracted RNA from lentiviral constructs of the SARS-CoV-2 genome and had the 

lowest RNA copy number concentration (≈ 15/L) of the study materials. 

Interlaboratory reproducibility of RT-dPCR, presented as the coefficient of variation (CV) in 

this study, was between (19 and 31) % across the four Study Materials and two measurands. 

Reproducibility was better for Measurand 2 (E gene) compared to Measurand 1 (N gene), which 

is likely to be associated with a wider variety of assays and techniques being used for 

Measurand 1 compared to Measurand 2. Possible sources of variability in RT-dPCR 

measurements include RT-dPCR approach (one- or two-step) and reagents, assay and partition 

volume, although systematic evaluation of these factors was not possible within the context of 

this study. RT-dPCR performance has previously been shown to be influenced by numerous 

factors including assay choice, reverse transcriptase efficiency and template type [15, 28]. 

Measurement of RNA copy number concentration did not appear to be influenced by choice of 

assay with the exceptions of the CDC N1 assay and an inhouse-designed E gene assay where 

lower results were observed. Interassay comparison and prediction of RNA secondary structure 

may help to identify assays with lower RT efficiency. Study results also highlighted partition 

volume as a source of potential bias, with wider characterisation of partition volume between 

instruments and reagents of the commonly used QX200 system warranted. Comparison 

between dPCR instruments can help to highlight systematic variation [29] but does not directly 

inform bias in applied partition volume, as different platforms often use alternative reagents 

and/or assays which can affect RT or PCR efficiency in parallel.  

The trueness of RT-dPCR measurements for Study Material 3 was evaluated by comparison of 

results of orthogonal methods for gravimetrically linked Study Material 4, with no significant 

difference in mean values. This suggests that RT-dPCR measurements of the N gene do not 

show an overall negative bias, reflecting an average RT efficiency of close to 100 %. Where 

differences do occur, RT efficiency and assay performance may differ with different target 

templates which may be a cause of discrepancies with orthogonal techniques. To reduce 

measurement uncertainty and improve the accuracy of RT-dPCR-based quantification, further 

evaluation is needed, along with testing of appropriate controls for RT efficiency. The high 

reproducibility (CV of 5.8 %) demonstrated by the three laboratories using ID-MS suggests 

this approach is a candidate method for evaluation of RT efficiency controls/RT-dPCR 

calibrators, however as a non-sequence specific method, it is limited to synthetic RNA 

templates. This approach has been applied and further developed for SI-traceable DNA 

quantification, including the use of stable isotope-labelled DNA which acts as a control for all 
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steps which the unknown sample undergoes [30], unlike the spiked nucleotide standards used 

in this study.    

However, interlaboratory reproducibility suggests that overall RT-dPCR accuracy corresponds 

to a standard uncertainty of ≈ 20 %, which is fit-for-purpose in calibrating quantitative 

measurements of clinical viral genomes which can vary by several orders of magnitude. This 

study also supports the establishment of RMPs by providing evidence of method comparability, 

accuracy and reproducibility, which is required for recognition in the Joint Committee for 

Traceability in Laboratory Medicine (JCTLM)’s database of higher order methods [31]. 

Successful participation in formal, relevant international comparisons also provides evidence 

for calibration and measurement capability claims (CMCs) by NMIs and DIs [32], as well as 

underpinning NMIs’ capabilities to perform measurements in related diagnostic areas (other 

RNA viruses). 

The development of RM and QC materials and external quality assessment (EQA) schemes by 

the metrology community, standards manufacturers and EQA organisers during the COVID-

19 pandemic helped to address challenges in diagnostic method evaluation and lack of 

comparability. Therefore, the evaluation of RMPs being used by NMI/DIs [33] through 

CCQM-P199b underpins confidence in the values assigned to such materials and samples. This 

further highlights the role of reference procedures to support established material standards. 

This study also illustrates that RT-dPCR can be quickly deployed in this way making it an ideal 

approach to support the diagnostic responses to future disease outbreaks and pandemics. To 

support viral genome quantification in whole virus biological standards and matrix materials, 

approaches to develop traceability for reference measurement procedures which include RNA 

extraction [34] are also required. Further work should explore the role of RT-dPCR, a method 

capable of facilitating harmonization and supporting standardization of viral nucleic acid 

quantification [35, 36], in method performance evaluation and calibration hierarchies [37]. 
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