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ABSTRACT 59 

This study tested the claim that digital PCR (dPCR) can offer highly reproducible 60 

quantitative measurements in disparate labs. Twenty-one laboratories measured four 61 

blinded samples containing different quantities of a KRAS fragment encoding G12D, an 62 

important genetic marker for guiding therapy of certain cancers. This marker is challenging 63 

to quantify reproducibly using qPCR or NGS due to the presence of competing wild type 64 

sequences and the need for calibration. Using dPCR, eighteen laboratories were able to 65 

quantify the G12D marker within 12% of each other in all samples. Three laboratories 66 

appeared to measure consistently outlying results; however, proper application of a follow-67 

up analysis recommendation rectified their data. Our findings show that dPCR has 68 

demonstrable reproducibility across a large number of laboratories without calibration 69 

and could enable the reproducible application of molecular stratification to guide therapy, 70 

and potentially for molecular diagnostics. 71 

KEYWORDS 72 

digital PCR, ddPCR, reproducibility, KRAS, single nucleotide variant, rare sequence variant 73 

SIGNIFICANCE STATEMENT 74 

The poor reproducibility of molecular diagnostic methods limits their application in part 75 

due to the challenges associated with calibration of what are relative measurement 76 

approaches. In this study we investigate the performance of one of the only absolute 77 

measurement methods available today, digital PCR (dPCR), and demonstrated that when 78 

compared across twenty-one laboratories, dPCR has unprecedented reproducibility. These 79 
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results were achieved when measuring a challenging single nucleotide variant and without 80 

calibration to any reference samples. This opens the possibility for dPCR to offer a method 81 

to transform reproducibility in the molecular diagnostic field, both by direct use as well as 82 

in support of other currently used clinical methods. 83 

INTRODUCTION 84 

Quantification using real-time quantitative PCR (qPCR) was first described over two 85 

decades ago (1, 2). Since then, despite its application to a wide range of preclinical research 86 

areas and its capacity for performing precise nucleic acid quantification, there are only a 87 

small number of examples where it has been successfully translated into the clinic for 88 

quantification, primarily in the fields of clinical virology (3) and management of patients 89 

with CML (4). Obstacles to its widespread clinical adoption have been the challenges of 90 

standardisation and defining the technical reproducibility of the method (5, 6). In qPCR, 91 

reproducibility is often poor due to the fact that while it can be very precise, it can be 92 

biased (6); it is not unusual for viral titres to vary by several orders of magnitude between 93 

different laboratories in the absence of a calibrator material (7). 94 

Digital PCR (dPCR), where the presence or absence of a target molecule is detected in a 95 

binary and absolute fashion, is an alternative method that has the potential to be 96 

considerably more reproducible than qPCR. It also offers a number of advantages that 97 

include high precision (8-13) and improved sensitivity and specificity (14-18), all without 98 

reliance on a calibration curve (19, 20). This high precision has been employed to value-99 

assign certified reference materials that include a plasmid for BCR-ABL1 monitoring in 100 

chronic myeloid leukaemia (21) and genomic DNA for HER2 amplification detection in 101 
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breast cancer (22). Prototype reference materials of plasmid, genomic DNA and whole 102 

bacteria in synthetic sputum for Tuberculosis have also been evaluated using dPCR (12, 103 

23). However, the method has not yet been demonstrated to surmount the challenges of 104 

end-user inter-laboratory reproducibility that will be necessary if it is to be used for 105 

routine clinical use.   106 

The central aim of this study was to evaluate the reproducibility of droplet-based dPCR 107 

using an international end-user inter-laboratory comparison. The chosen target was a 108 

KRAS single nucleotide variant (SNV), one of the most challenging types of cancer 109 

biomarkers, which is being pursued vigorously in liquid biopsy translational studies that 110 

predict non-response to specific therapies in colorectal carcinomas (24, 25) and non-small 111 

cell lung cancers (26).  112 

RESULTS 113 

Design of the study. Twenty-one participant laboratories were enrolled in the study to 114 

measure blinded samples that contained varying fractional abundances of a 186 bp plasmid 115 

fragment containing the KRAS G12D variant and/or the wild-type (wt) sequence 116 

(Supplementary Document 1 and Fig. S1). Each participant laboratory was provided with 117 

three units of each of the four blinded test samples. These test samples were at different 118 

nominal G12D fractional abundances: 12%, 0.9%, 0.17% and 0% and randomly assigned a 119 

sample letter (A-D) (Table 1). Additionally two control samples were provided as three 120 

units of the negative control (0% G12D; which was the same as sample B and denoted NEG) 121 

and a single unit of the positive control (12% G12D; which was the same as sample D and 122 

denoted POS). The %G12D of the POS control was not revealed to the participants and so 123 
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could not be used as a calibrator for the blinded samples. Reagents and QX100/200™ 124 

consumables from common manufacturing lots (Supplementary Document 2) were 125 

provided to the participants along with a full protocol (Supplementary Document 3), that 126 

included the reaction preparation procedure and the plate layout, to minimise these as 127 

possible sources of variation. All packages were distributed by LGC who coordinated the 128 

study.  129 

Participants used their own QX100/200™ Droplet Digital PCR System (Bio-Rad) with 130 

manual droplet generation and were requested to analyse their data using their routine 131 

procedure. Each laboratory submitted their mean value for the KRAS G12D and wt copy 132 

number concentrations and %G12D with the associated 95% confidence intervals for each 133 

sample, control and no template controls (NTCs) in a pre-designed spreadsheet format 134 

(summarised in Table S1). Details of their analysis method (Table S2) and screen shots of 135 

the analysis (not shown) were also requested.  136 

Inter-laboratory comparison. For the quantification of the KRAS G12D and wt copy 137 

number concentrations and %G12D, dPCR measurements from the twenty-one 138 

laboratories were highly accurate over the three orders of magnitude (~0.42 to ~2200 139 

copies/µL) reflected in the blinded test samples (Fig. 1) and two control samples (Fig. S2). 140 

There were two groups of results. The majority of the laboratories (18/21) measured both 141 

the copy number concentrations and fractional abundance of all samples within 20% of 142 

each other. The remaining three laboratories consistently under-quantified the G12D copy 143 

number concentration and associated fractional abundance in all samples, though they did 144 

report consensus values for the wt target concentration. There was no significant 145 
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difference in the copy number concentrations or fractional abundance of sample B and NEG 146 

(p > 0.12) or sample D and POS (p > 0.82). The median participant values for all six samples 147 

were within 6% of the mean values obtained in the homogeneity study performed by the 148 

co-ordinating laboratory (LGC) that manufactured and characterised the samples (Table 149 

1). The exception was for the G12D copy number concentration and fractional abundance 150 

of sample B and NEG, that contained no KRAS G12D target, that varied by 16-28%.  151 

Of the first group of results, fourteen laboratories had no outlier values in any of the test or 152 

control samples (Fig. 1 and S2). The remaining four laboratories (3, 7, 10 and 16) had 153 

outlier values in one or more of the measurements for one or more samples which were 154 

associated with moderately higher or lower wt or G12D copy number concentration or 155 

fractional abundance (>1.5-fold different from the median value). The group that 156 

consistently under-quantified the G12D molecules (2, 17 and 21) were all identified as 157 

outliers and submitted values that were between 2- and 9-fold lower than the median for 158 

the G12D (but not wt) copy number concentration and fractional abundance.  159 

Factors affecting reproducibility. Following visual inspection of the two-dimensional 160 

(2D) scatter plots produced by the QuantaSoft ddPCR analysis software, it was 161 

hypothesised that the cause of the G12D under-quantification in laboratories 2, 17 and 21 162 

was misclassification of the droplets (Fig. S3). This hypothesis was tested by preparation of 163 

guidelines for droplet classification that were circulated to all participants 164 

(Supplementary Document 4). At this stage all participants remained blind to the copy 165 

number concentrations. The seven laboratories with one or more outlier were invited 166 
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optionally to reanalyse their original data following the guidelines. In parallel, the 167 

coordinating laboratory reanalysed the seven laboratory data sets following the guidelines. 168 

Four laboratories resubmitted their values (2, 10, 17 and 21) (Table S3). In contrast to 169 

their originally submitted values, for two of the laboratories (2 and 21), no significant 170 

difference was observed between their resubmitted values and the median values from the 171 

original inter-laboratory comparison (p >0.35) suggesting that the guidelines rectified the 172 

droplet misclassification (Fig. 2 and S4). However, laboratory 17 resubmitted values that 173 

were ~1.2-fold higher than their original submission, but still significantly lower (>2-fold) 174 

than the median values from the original inter-laboratory analysis (p ≤0.012) (Fig. 2 and 175 

S4). Reanalysis of this data set by the coordinating laboratory identified no significant 176 

difference between their values and the median values from the original inter-laboratory 177 

analysis (p >0.14) (Fig. 2 and S4) suggesting that droplet misclassification, and not the 178 

actual data generated, was still responsible for the under-quantification of this laboratory. 179 

Laboratory 10, which was an outlier in only one value in one test sample (the G12D 180 

fractional abundance in sample D), resubmitted values that were not significantly different 181 

from those obtained by the coordinating laboratory (Fig. 2 and S4) indicating that droplet 182 

misclassification was not responsible for this single outlier result. The other three 183 

laboratories (3, 7 and 16) communicated that they were satisfied that their original 184 

analysis aligned with the guidelines; there was no significant difference between their 185 

original values and those obtained by the coordinating laboratory (p >0.34).  186 

Between-laboratory precision was calculated for all samples and controls using the four 187 

resubmitted laboratory values along with the original values from the other seventeen 188 
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laboratories. For nominal copy number concentrations >0.1 copies/µL, the precision was 189 

high across all the samples and targets; CVs were between 7.39% and 11.39% (Table 2). 190 

Calculation of the theoretical CV (tCV) for each value for each sample showed that the 191 

precision based on Poisson alone was generally only slightly smaller than the between-192 

laboratory precision for the G12D and wt copy number concentrations in the samples that 193 

contained G12D molecules (Table 2) indicating a minimum of experimental error. For the 194 

corresponding G12D fractional abundances, the precision was high for all samples that 195 

contained G12D fragments (CV <4.8%).  196 

For the wt only samples, that contained ~40,000 wt copies/reaction and no G12D 197 

fragments (Samples B and NEG), the identification of positive partitions for the G12D assay 198 

represented the false positive rate (FPR) of the assay. A median FPR of 0.02% G12D was 199 

observed in these samples that corresponded to a median of ~6 G12D-positive 200 

partitions/reaction (minimum of 0 and maximum of 14 across all 21 participants NEG 201 

reactions; n=198) (Table S4). Measurements of the KRAS G12D molecule in these samples 202 

had reduced precision (CV >24%) as would be expected for such low measured values. For 203 

the no template controls (NTCs), a median and mode of 0 G12D-positive 204 

partitions/reaction was observed (maximum of 3 across all 21 participants, n=186) (Table 205 

S5) indicating low, if any, contamination in the dPCR reactions. 206 

The KRAS wt copy number concentrations were approximately equal for samples A, B and C 207 

(Table 1). To generate a metric to measure the impact of various deviations from the study 208 

protocol, the ratio of the KRAS wt copy number concentration of samples C and A was used. 209 

From the results of the questionnaire relating to the study protocol (Table S2) no 210 
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significant difference (p >0.14) was observed related to the QX system or version of the 211 

QuantaSoft analysis software used, number of times the samples were thawed prior to 212 

analysis or any other deviations from the protocol such as the supplier of pipettes, plate 213 

sealer or PCR cycler (Fig. S5).  214 

Characterisation of each study material established that the between-unit variation did not 215 

exceed the within-unit variation (p >0.24 for all study materials) (Fig. S6) and so estimated 216 

standard uncertainties due to possible inhomogeneity were calculated using the between-217 

unit variation. The relative standard uncertainties were <6% for samples containing G12D 218 

molecules (Table 1) and so it was concluded that the unit homogeneity of all the study 219 

materials was acceptable.  220 

Stability studies identified no significant time or temperature effect over the short term for 221 

the G12D and wt copy number concentrations with the exception of sample D/POS that had 222 

a 1.1-fold decrease in both G12D and wt copy number concentrations (but no effect on the 223 

fractional abundance, data not shown) when stored on dry ice for 7 days (Fig. S7). For the 224 

long term stability study, small differences in the G12D and wt copy number concentrations 225 

were observed over the six month duration of the stability study (Fig. S8). For both 226 

stability studies the differences were minor (<12%), non-directional (with the exception of 227 

sample D/POS), and all participants performed their experiments within one month of 228 

receiving the samples, it was concluded that the stability of the materials was satisfactory. 229 

DISCUSSION 230 
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The aim of this study was to investigate whether dPCR could offer reproducible 231 

quantification between laboratories in the absence of calibration using a droplet-based 232 

technology. We used an international inter-laboratory study focusing on the quantification 233 

of a range of SNV concentrations, of varying fractional abundances, using droplet dPCR. 234 

Participant laboratories were recruited from a range of institutes including hospitals, 235 

universities and research industries. To our knowledge, this is the first study of its kind and 236 

could form the basis of a framework for other studies investigating the reproducibility and 237 

robustness of a given dPCR method. For this purpose, we used a clinically relevant 238 

prognostic model of a KRAS point mutation that needs to be determined prior to selection 239 

of treatment of specific cancers (27, 28).  240 

We chose a range of G12D to wt fractional abundances, several of which are challenging to 241 

quantify with currently used analytical methods (29, 30). Furthermore, as the interest in 242 

liquid biopsies continues to rise, we directed the selection of the concentration and size of 243 

the molecules quantified in this study to match this template type (31, 32). Comparison of 244 

the independent measurements from twenty-one laboratories demonstrated the high level 245 

of reproducibility of dPCR, defined as a CV of <12%. Further investigation identified that 246 

most of this variation could be attributed to deviations in tube-to-tube unit homogeneity 247 

and stability of the test materials as well as the Poisson error, thereby rendering this 248 

reproducibility all the more impressive. 249 

This study clearly demonstrated that fractional abundancies down to ~0.2% can be 250 

reproducibly quantified using dPCR. As the observed FPR was ~0.02%, it suggests that a 251 

lower limit of detection of the G12D molecule, such as 0.1%, may be achievable with dPCR. 252 
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However, the observed ~0.2% fractional abundance was enabled, in part, by the addition of 253 

~40,000 KRAS copies per reaction; this level of sensitivity may not always be achievable 254 

using in vivo extracts such as cfDNA from plasma, that typically yields ~500 copies/mL 255 

plasma (33). In addition to cancer models, other rare SNV models would also be applicable 256 

to this framework (14, 15) as well as simpler targets that do not require specific 257 

measurement of a given variant in the presence of the wt allele, such as quantification of 258 

specific pathogens or gene fusions (34, 35). 259 

Two distinct aspects of this technique demonstrate that dPCR is reproducible for absolute 260 

quantification measurements. Firstly, all participant laboratories were blind to the target 261 

quantities of each test sample, yet twenty laboratories were able to correctly quantify all 262 

four test samples. Secondly, all the measurements were performed without any form of 263 

calibration to a material of known quantity; the materials were simply quantified and 264 

results reported directly. 265 

In order to determine sources of discrepancy where they arose, we investigated a number 266 

of parameters that could influence reproducibility and robustness. Deviations from the 267 

study protocol, such as droplet handling using different pipettes and tips to those 268 

recommended did not have significant effects on the quantification. Furthermore, 269 

participants used different software versions to collect their data. Versions 1.3 and below 270 

use a 0.91 nL droplet volume that has been identified as a source of bias in other studies 271 

(36), whilst the smaller volume of 0.85 nL is used in versions 1.6 and above. While the use 272 

of different partition volumes can impact on accuracy, in this study, the two partition 273 
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volumes used did not appear to impact on the between-laboratory reproducibility (Fig. 274 

S5), suggesting that technical error masked this potential source of bias.  275 

All participants used the same assays, reagents and consumables in this study; another 276 

study where these were varied demonstrated good reproducibility (12). Additionally, this 277 

study did not evaluate pre-analytical steps such as the extraction, however, with careful 278 

optimisation, quantification can be reproducible even when the extraction step is 279 

incorporated (23).  280 

Incorrect classification of the positive and negative droplets was a main cause of under-281 

quantification by some laboratories. Partition misclassification has been highlighted as a 282 

source of bias in dPCR quantification (37) and can be complicated by a number of factors 283 

that include template type, source and matrix in addition to assay and reagent choice and 284 

thermocycling conditions (12). When measuring SNV quantities further factors that can 285 

impact on correct partition classification include assay specificity, partition specific 286 

competition (PSC) and assay FPR. Assay specificity and PSC can make it more difficult to 287 

classify the four cluster types (38) while the FPR, if not determined correctly can impact on 288 

the sensitivity of the assay and lead to an underestimation.  289 

The presence of G12D false-positive droplets in the wt-only (NEG) control in two of the 290 

participant laboratories directed the analysts to be stringent with their droplet 291 

classification and opt for increased specificity over sensitivity; such a method has been 292 

adopted in another study (39). While this reduced the FPR (increasing specificity), it was at 293 

the expense of sensitivity and resulted in a 2 to 3-fold negative bias due to the high total 294 

DNA input per reaction. Therefore, for the most sensitive measurements, characterisation 295 
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of the FPR is needed. However, in order for the clinical utility of this method to be realised, 296 

rigorous criteria for calling positive results, along with detailed investigation of the limits 297 

of detection and quantification need to be developed and evaluated as illustrated with 298 

EGFR mutations in lung cancer (40, 41). 299 

CONCLUSIONS 300 

This study has confirmed that dPCR can perform highly reproducible absolute 301 

quantification of an SNV between laboratories differing in their reported value by <12%. 302 

This was achieved without calibration, which is not possible using conventional qPCR when 303 

measuring samples that contain challenging fractional abundances of <1%. Clinical 304 

quantification of SNVs has been proposed for a range of applications such as monitoring 305 

donor organ rejection (17) or in the treatment of cancer patients (16) and will likely be 306 

needed for the development of precision/stratified medicine to be fully realised. These 307 

findings suggest dPCR will have an important role in enabling such measurements. In the 308 

short term, this study will contribute to a growing body of evidence that demonstrate that 309 

dPCR can offer a valuable method to ensure reproducible quantification of nucleic acids. 310 

MATERIALS AND METHODS 311 

The coordinating laboratory for this study was LGC (UK). All experiments pertaining to the 312 

production and characterisation of the study materials were performed at LGC. All kits and 313 

instruments were used following the manufacturer’s instructions. 314 

Production of the study materials. A portion of the human KRAS gene encoding exon 2 315 

and its flanking introns was downloaded from the NCBI database (NCBI accession: 316 
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NG_007524.1, bases 9788 to 11411). The location of the drug resistant mutation (c. 35G>A) 317 

that encodes the amino acid substitution G12D was identified. The inserts were 318 

synthesised using overlapping synthetic oligonucleotides and then blunt-end cloned into 319 

the EcoRV restriction site of the pUC57 plasmid (Eurofins) to generate two constructs: one 320 

containing the wild type (wt) sequence and one containing the G12D mutation. Sequence 321 

validation was performed by Sanger sequencing on both strands (Eurofins) (Fig. S9A and 322 

S9B).  323 

Ten double restriction digest reactions were set up for each KRAS construct each 324 

containing approximately 10 µg of DNA with 25 units each of AflIII and NsiI (New England 325 

Biolabs) in a 50 µL reaction volume. The reactions were incubated at 37 °C for three hours 326 

and subjected to electrophoresis through a 3% agarose gel. Each 186 bp fragment was 327 

identified using the 1kb+ DNA ladder (Invitrogen), gel purified using the Gel Extraction kit 328 

(Qiagen) and eluted in 30 µL of EB buffer; the 10 replicate reactions were pooled to give a 329 

total eluent volume of 300 µL. The two 186 bp fragments (KRAS wt and G12D)were 330 

assessed for size and purity using the 2100 Bioanalyzer with the DNA 7500 series II assay 331 

(Agilent) (Fig. S9C and S9D) and the concentration was estimated using the Qubit® 2.0 332 

fluorometer with the dsDNA HS Assay Kit (Invitrogen) to give the ‘nominal’ stated values 333 

for each test sample and control. The copy number concentration was estimated based on 334 

the molecular weight of the 186 bp fragment (approximately 116 kDa) and the Avogadro 335 

constant using a standard method (42); 1 ng corresponds to approximately 2.01 x 108 336 

copies.  337 
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The four study materials were manufactured in 50 mL tubes by gravimetrically diluting the 338 

KRAS wt and G12D purified 186 bp fragments in non-human carrier to their nominal 339 

concentrations (Table 1). Carrier was commercially available sonicated salmon sperm 340 

genomic DNA (Ambion) at a final concentration of 25 ng/µL in the study materials. The 341 

study materials were mixed by rotation at 50 rpm at 4 °C for 30 minutes. One test material 342 

was prepared from each study material; these were randomly labelled as samples A, B, C or 343 

D to reduce analyst bias. In addition, two control materials were prepared from two of the 344 

study materials; the negative control (NEG) was the same as Sample B and the positive 345 

control (POS) was the same as Sample D. Following mixing, the four test and two control 346 

samples were aliquoted (>100 µL) in pre-labelled 0.5 mL tubes (P/N E1405-2120; 347 

StarLabs) to generate between 75 and 300 units and stored at -20 °C. To reduce 348 

contamination risks, the test materials were manufactured in order of increasing G12D 349 

concentration. 350 

Characterisation of study materials. Unit homogeneity was evaluated across twelve 351 

randomly selected units for each study material that were maintained at -20 °C. The short 352 

term stability (STS) study was set up isochronously at a range of temperatures to monitor 353 

the stability of the study materials during shipment to the participants and the accelerated 354 

stability at high temperature. Three units of each of the four study materials were 355 

incubated on dry ice (shipment temperature), at 4 °C and 28 °C (accelerated stability 356 

temperature) for 2 and 7 days and compared to the baseline temperature (three units 357 

maintained at -20 °C). Following all temperature and time point conditions, the study 358 

materials were incubated at -20 °C overnight before dPCR analysis. The long term stability 359 

(LTS) study was performed to establish the stability of the study materials over the full 360 
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course of the study. Three units of each of the four study materials were maintained on dry 361 

ice for 5 days to mimic shipping conditions, before being transferred to -20 °C before 362 

storage for 1 or 7 months prior to dPCR analysis; parallel experiments were compared with 363 

samples maintained at -20 °C for the duration of the LTS. Details of the dPCR analysis 364 

performed are in the relevant section below. 365 

Droplet Digital PCR. All dPCR experiments were implemented in accordance with the 366 

dMIQE guidelines (Table S6) (20) using the QX100™ or QX200™ Droplet Digital PCR 367 

System (Bio-Rad). Briefly, 22 µL reactions were established containing ddPCR Supermix for 368 

Probes with no dUTP, PrimePCR™ ddPCR™ Mutation Assays for KRAS p.G12D and KRAS 369 

WT (assay details in the relevant section below), 8.8 µL of study material and made up to 370 

volume with nuclease-free water. No template controls (NTCs) were performed using 371 

nuclease-free water in place of template in every experiment. Droplets generation was 372 

performed manually (not with the AutoDG™ system) from 20 µL of the reaction following 373 

manufactures guidelines. Thermocycling conditions were 95 °C for 10 minutes, 40 cycles of 374 

94 °C for 30 seconds and 55 °C for 1 minute, followed by 98 °C for 10 minutes and a 4 °C 375 

hold. The ramp rate for each step was set to 2 °C/second. Droplet reading was performed 376 

following manufactures guidelines. Details of the protocol are given in Supplementary 377 

Document 3. 378 

For the study material characterisation, experiments were performed using the QX200™ 379 

droplet digital PCR system with a randomised plate layout. Every study unit was analysed 380 

with triplicate wells. Aliquots of the carrier the study materials were made up with were 381 

also evaluated for the presence of KRAS sequences (carrier only controls); no positive 382 
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droplets for the KRAS G12D were observed. If multiple 96-well plates were necessary, 383 

replicate units were distributed between the different plates with the triplicate dPCR wells 384 

for each unit located on the same plate. The commercially available PrimePCR™ ddPCR™ 385 

Mutation Assays used were KRAS p.G12D, Human (P/N 10031246, Assay ID 386 

dHsaCP2000001) and KRAS WT for p.G12D, Human (P/N 10031249, Assay ID 387 

dHsaCP2000002) that generate a 90 nt amplicon. All PrimePCR assays are designed and 388 

validated by the manufacturer on the QX100/200 droplet digital PCR system. The 389 

QuantaSoft software version 1.7.4.0917 was used to collect the data in the ‘ABS’ mode. The 390 

status of each well was checked and wells containing <10,000 droplets or a baseline drop 391 

in the double-negative droplets compared with the NTC wells were omitted from the data 392 

set. Thresholds were set using the ‘auto analyze’ and ‘combined wells’ setting in the 2D 393 

amplitude mode to define the positive and negative droplets. The data was exported as a 394 

.csv file for further analysis.  395 

Prior to the inter-laboratory comparison, a pilot study was performed to test the 396 

international shipment method of the study materials, reagents and consumables, and the 397 

clarity of the protocol. Three Bio-Rad laboratories (USA, France and Germany) participated 398 

in the pilot study to confirm that the shipment conditions were acceptable. Following the 399 

data analysis, the preparation protocol for the reagents and the dPCR protocol were 400 

amended. The final documents and details are included in the supplementary information 401 

as cited below. 402 

Participant laboratories were provided with the protocol by the coordinating laboratory 403 

(Supplementary Document 3). The commercially available PrimePCR™ ddPCR™ Mutation 404 
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Assays used were KRAS p.G12D, Human (P/N 10031246, Assay ID dHsaCP2500596) 405 

and KRAS WT for p.G12D, Human (P/N 10031249, Assay ID dHsaCP2500597) that 406 

generates a smaller amplicon of 57 nt for each assay compared with the assay used for 407 

material characterisation. Each unit was analysed in triplicate wells alongside eight no 408 

template controls (NTCs) to give a total of 56 reaction wells in a single experiment; a plate 409 

layout was provided in the protocol. The droplets were read in the ‘ABS’ mode using a 410 

QuantaSoft template file provided by the coordinating laboratory. Participants could use 411 

either the QX100™ or QX200™ Droplet Digital™ system. Each laboratory was asked to 412 

complete a questionnaire with details of their ddPCR instrumentation, software version 413 

and data analysis methods (Supplementary Document 3). They were requested to report 414 

the concentration (copies/μL in the reaction) and percentage allelic frequency of the KRAS 415 

G12D in each of the four test samples and two controls with the associated 95% confidence 416 

intervals as well as the result of their NTCs. In addition to the questionnaire, laboratories 417 

were asked to submit their raw data (Quantasoft .csv and .qlp files) and screen shots of the 418 

2D scatter plots of the control samples (NEG, POS and NTC).  419 

Data analysis. For the characterisation of the test materials, exported .csv files were 420 

imported into MS Excel 2010 in the first instance with further analysis performed in the R 421 

statistical programming environment version 3.1.1 (http://www.r-project.org/) and Prism 422 

6 (GraphPad). A tab deliminated file was generated in MS Excel 2010 containing the well 423 

number, sample name, unit number, replicate well number, software generated copies/µL 424 

in the reaction for the KRAS G12D and wt molecule. 425 
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For assessment of unit homogeneity, ANOVA and mixed effects models with maximum 426 

likelihood estimation described previously (43) were used to assess plate and unit 427 

variation, and to estimate the between-unit standard deviation. Analysis of STS and LTS 428 

study was performed by fitting a linear model to each test material with time and 429 

temperature as the covariates to determine if the copy number concentration varied with 430 

storage time; the time variate was treated as a continuous variable. Statistical significance 431 

was identified using the Bonfernoni correction for false discovery rate (44) so that 432 

significance was identified when p <0.004 for the STS and p <0.01 for the LTS.  433 

The reported values and confidence intervals from each end-user laboratory were 434 

transcribed into Prism 6 for analysis and generation of graphs. The data was tested for 435 

normality using the Shapiro-Wilk test with non-normality assigned to data when p <0.05. 436 

Robust statistics were used for the non-normally distributed data to estimate the 437 

consensus values and the between lab dispersion using the median and median absolute 438 

deviation (MAD), respectively. The MAD was calculated as follows using equation [1]: 439 

��� � ����	
�  �
�� � ����	
�����
�     [1] 440 

Where mediani is the median of the reported values from the laboratories, and medianj is 441 

the median of the absolute difference between the reported values and median.  The MAD 442 

was then used to estimate the MADE using equation [2]: 443 

���� � ��� �  1.4826       [2] 444 

Where the 1.4826 was selected as the consistency constant; for details on the calculation of 445 

this value see Staudt et al., 1990 (45). Submitted values outside the upper and lower 99% 446 

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

The copyright holder for this preprint (which wasthis version posted September 28, 2016. ; https://doi.org/10.1101/077917doi: bioRxiv preprint 

https://doi.org/10.1101/077917
http://creativecommons.org/licenses/by-nc-nd/4.0/


Whale et al.  Manuscript Page 22 of 31 

confidence intervals (calculated using 2.58 MADE distributions away from the median) 447 

were identified as outliers; this level of confidence was chosen as there were more than 20 448 

laboratories enrolled in the study. A robust estimate of reproducibility that down weighs 449 

the influence of outliers was calculated using equation [3]: 450 

%�� �  ����

��	�
�
     [3] 451 

Paired t-tests were used to compare two groups of data; for example, to test for differences 452 

between sample B and the negative control, or between the participant resubmitted data 453 

and the coordinating laboratory analysis.  454 
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Figure 1. Inter-laboratory comparison. The originally submitted values from all twenty-619 

one laboratories are shown for Samples A-D in descending KRAS G12D copy number 620 

concentration from left to right. For each graph the anonymised laboratory number is 621 

shown in the x-axis with the (A) KRAS G12D or (C) wt copy number concentration 622 

(copies/µL in the reaction) shown on the y-axis as indicated. For the fractional abundance 623 

graphs (B), the %G12D is shown on the y-axis. For each participant, the submitted mean 624 

value is plotted as a short black horizontal line together with the 95% confidence interval 625 

based on triplicate measurements of three units (n=9). The red horizontal dashed line 626 

represents the median value across labs and the red horizontal dotted lines represent the 627 

upper and lower MADE intervals with 99% confidence. For Sample B, the lower confidence 628 

interval is not shown as it is approximately zero. Asterisks (*) just above the x-axis indicate 629 

laboratories that reported either a zero value or values below the range of the y-axis. All 630 

graphs show two orders of magnitude, shown on the log10 scale, though the range varies 631 

according to the sample. 632 

Figure 2. Quantification of KRAS G12D following threshold setting guidelines. For 633 

each sample the comparison between the copy number concentrations originally submitted 634 

(black bar) with the resubmitted values (orange bar) and the coordinator analysis (teal 635 

bar) is shown. The red horizontal dashed line represents the median from the original data 636 

set with the associated red horizontal dotted lines representing the upper and lower MADE 637 

intervals with 99% confidence. The scales are the same as those in Figure 1. Four of the 638 

laboratories reanalysed their data (2, 10, 17 and 21) and the remaining three laboratories 639 

were satisfied with their original submission (3, 7 and 16) and so do not contain data 640 

points for resubmission. The coordinating laboratory analysed the data sets from the seven 641 
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laboratories. The dashed ovals highlight laboratory 17 that were still under-quantifying the 642 

G12D concentration in the four samples compared with the median; while the analysis by 643 

the coordinating laboratory did not. 644 
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Table 1. Values for the KRAS target materials obtained during characterisation and 

inter-laboratory comparison. 

Material  Characterisation  Inter-laboratory participant results
#
 

Name Target 
 

Nominal* Mean* Urel 
 

Median* % difference$ MADE 
Lower  

99% CI 

Upper  

99% CI 

A 

[WT]  2000 2400 1.0%  2267.00 6% 182.85 1795.24 2738.76 

[G12D]  3 4.9 5.9%  4.74 3% 0.59 3.23 6.26 

% G12D  0.17 0.20 6.0%  0.21 5% 0.01 0.18 0.24 

B 

[WT]  2000 2300 1.7%  2197.00 4% 162.31 1781.50 2612.50 

[G12D]  0 0.58 16%  0.42 28% 0.19 -0.08 0.92 

% G12D  0.00 0.025 16%  0.02 20% 0.01 0.00 0.04 

C 

[WT]  2000 2300 1.4%  2273.78 1% 257.71 1608.88 2938.68 

[G12D]  18 22 4.5%  22.67 3% 1.78 18.08 27.26 

% G12D  0.90 0.96 3.5%  1.01 6% 0.05 0.89 1.14 

D 

[WT]  1760 2100 1.5%  1975.00 6% 161.98 1557.10 2392.90 

[G12D]  240 310 1.6%  300.80 3% 21.55 245.19 356.41 

% G12D  12.00 13.00 0.92%  13.16 1% 0.15 12.79 13.54 

NEG 

[WT]  2000 2300 1.7%  2264.67 2% 217.51 1707.85 2821.48 

[G12D]  0 0.58 16%  0.49 16% 0.14 0.12 0.85 

% G12D  0.00 0.025 16%  0.02 19% 0.01 -0.01 0.05 

POS 

[WT]  1760 2100 1.5%  1990.00 5% 139.90 1629.07 2350.93 

[G12D]  240 310 1.6%  294.67 5% 23.23 234.72 354.61 

% G12D  12.00 13.00 0.92%  13.10 1% 0.32 12.27 13.93 

In order to remain ambiguous to the participants, the sample name (A-D) was randomly assigned to each of the four 

materials so that there was no correlation between sample name and G12D fractional abundance. The two control 

materials, NEG and POS, were generated from the sample materials as Sample D and Sample B, respectively and so have 

identical characterisation values. *[G12D] and [WT] are given as copies/µL in the reaction based on following the study 

protocol where 8.8 µL of each study material is added to 22 µL reaction during set up; this is the metric participants were 

asked to report. The nominal concentrations are the approximate values the materials were prepared at. For 

characterisation of the materials, the mean concentration and the relative expanded uncertainty (Urel), that is the 

equivalent of the 95% confidence interval reported as a percentage of the mean, were calculated from the homogeneity 

study with triplicate measurements (within-unit) from six units (between-units). All values are given to 2 significant 

figures. #For the inter-laboratory participant results, the values are calculated from the twenty-one original submitted 

values. $The percentage difference between the mean concentration obtained from the homogeneity study with the 

participant median value. The MADE is the median absolute deviation.  
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Table 2. Precision of the inter-laboratory comparison 

following resubmission.  

Material 

Name 
Target 

Recalculated 

Median* 

% 

difference$ 

CV 

between 

labs 

tCV 

 [WT] 2267.00 6% 8.07% 1% 

A [G12D] 4.87 1% 11.39% 10% 

 % G12D 0.21 5% 4.22% 

 [WT] 2197.00 4% 7.39% 1% 

B [G12D] 0.46 21% 34.50% 35% 

 % G12D 0.02 20% 37.08% 

 [WT] 2274.00 1% 11.35% 1% 

C [G12D] 22.98 4% 7.87% 5% 

 % G12D 1.02 6% 4.74% 

 [WT] 1982.00 6% 7.65% 1% 

D [G12D] 303.30 2% 5.88% 1% 

 % G12D 13.20 2% 1.12% 

 [WT] 2264.67 2% 9.60% 1% 

NEG [G12D] 0.54 7% 24.72% 32% 

 % G12D 0.02 20% 31.26% 

 [WT] 1990.00 5% 6.33% 1% 

POS [G12D] 298.00 4% 7.30% 1% 

 % G12D 13.24 2% 2.69% 

*[G12D] and [WT] are given as copies/µL in the reaction as described in 

Table 1. The values presented in this table are calculated from the four 

resubmitted values and remaining seventeen original values. $The percentage 

difference between the mean concentration obtained from the homogeneity 

study (Table 1) with the recalculated median. The tCV is calculated based on 

the equation described in Devonshire et al. 2015. 
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