
ISSC Method Application and Single Lab Validation Checklist For Acceptance of a Method for Use in the NSSP  
 
The purpose of single laboratory validation in the National Shellfish Sanitation Program (NSSP) is to ensure that the 
analytical method under consideration for adoption by the NSSP is fit for its intended use in the Program. A 
Checklist has been developed which explores and articulates the need for the method in the NSSP; provides an 
itemized list of method documentation requirements; and, sets forth the performance characteristics to be tested 
as part of the overall process of single laboratory validation. For ease in application, the performance 
characteristics listed under validation criteria on the Checklist have been defined and accompany the Checklist as 
part of the process of single laboratory validation. Further a generic protocol has been developed that provides the 
basic framework for integrating the requirements for the single laboratory validation of all analytical methods 
intended for adoption by the NSSP. Methods submitted to the Interstate Shellfish Sanitation Conference (ISSC) 
Laboratory Methods Review (LMR) Committee for acceptance will require, at a minimum, six (6) months for review 
from the date of submission.  
 

Name of the New Method  
Matrix Expansion for the Receptor Binding Assay (RBA) for Paralytic Shellfish Poisoning (PSP) Toxicity 
Determination to Allow Use with Geoduck 
Name of the Method Developer  
Michael Jamros, Chris Whitehead 
Developer Contact Information  
Sitka Tribe of Alaska, 456 Katlian St, Sitka, AK 99835 
907-747-7356 phone 
907-747-4915 fax 
michael.jamros@sitkatribe-nsn.gov 
chris.whitehead@sitkatribe-nsn.gov 
Checklist    
A. Need for the New Method  
1. Clearly define the need for which the method has been developed.  
Paralytic shellfish poisoning (PSP) is a food born illness caused by ingestion of contaminated shellfish. The 
paralytic shellfish toxin, saxitoxin (STX), and its analogs are potent neurotoxins responsible for PSP. Marine 
dinoflagellates and freshwater cyanobacteria produce STX. The STX can accumulate in filter-feeding bivalve 
mollusks to levels that are toxic to humans. Symptoms of PSP include: tingling and numbness of the perioral 
area and extremities, drowsiness, incoherence, loss of motor control, and following high dose consumption, 
respiratory paralysis. 
 
In 1965 the mouse bioassay (MBA) was adopted as an official AOAC method for STX determination. The MBA 
has served as the primary method available for PSP testing for the last five decades. Both North American and 
European regulatory agencies have expressed the desire to transition to a more humane PSP testing method 
that does not require the use of live animals and is not subject to the matrix effects documented for the MBA 
(Turner 2012). Recently, the NSSP approved a post-column oxidation liquid chromatographic (PCOX HPLC) 
method and a receptor binding assay (RBA) as alternatives to the MBA. The PCOX HPLC method is approved for 
full use; whereas, the RBA is approved for limited use (the RBA is only approved for shellfish matrices evaluated 
in the single lab and multi-lab validation studies, which does not include geoduck (Panopea). Both the PCOX and 
RBA are sensitive quantitative assays for STX detection, and they do not require the use of live animals. The 
PCOX HPLC requires skilled personnel and offers low throughput in comparison to the RBA. 
2. What is the intended purpose of the method?  
The RBA is approved for regulatory testing of mussels as an alternative to the MBA and is approved for limited 
use as a screening tool for clams and scallops, but is not yet approved for use with geoduck (Panopea) due to a 
lack of data. Geoduck are a major commercial product that requires PSP testing. This proposal requests 
consideration for the NSSP RBA approval to be expanded to include geoduck. The proposal provides data from a 
single laboratory validation (SLV) of the RBA for geoduck testing as support for this request. 
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This method is intended for use as an NSSP Approved Limited Use Method for screening for PSP toxicity in 
shellfish, specifically geoducks. The RBA serves as an alternative to the MBA in these applications, offering a 
measure of integrated toxicity with high throughput and the elimination of live animal testing (Van Dolah 2013). 
This application is for the addition of geoduck to the list of matrices approved for use with the RBA. 
3. Is there an acknowledged need for this method in the NSSP?  
There is an acknowledged need for this method extension in the NSSP. A significant portion of the Washington 
and Alaska state shellfish industries are comprised of the harvest of geoduck. Approval of the RBA for use with 
geoduck would provide an alternative to (1) the MBA, which uses live animals, and (2) the PCOX HPLC method, 
which requires costly equipment and skilled personnel and offers low throughput. 
 
Acceptance of the RBA as an NSSP Approved Method for Marine Biotoxin Testing for PSP toxicity determination 
in geoduck would provide monitoring and management programs with an additional tool that can be used for 
monitoring toxin levels and making regulatory decisions. Not only does the RBA eliminate the need for live 
animals for PSP testing, it is also more sensitive than the MBA. 
4. What type of method? i.e. chemical, molecular, culture, etc.  
Molecular. The RBA is a functional assay, whereby toxins present in the standard/sample bind to sodium 
channel preparations in the assay. Radiolabeled toxins (3H-STX) compete with toxins present in the standard or 
sample for sodium channel binding sites in a microplate format. Thus a decrease in signal from radiolabeled 
toxins represents an increase in standard/sample toxicity. This competitive RBA allows for quantitation that 
directly relates to the composite toxicity of the sample. 
B. Method Documentation  
1. Method documentation includes the following information:  
Method Title  
Matrix Expansion for the Receptor Binding Assay (RBA) for Paralytic Shellfish Poisoning (PSP) Toxicity 
Determination to Allow Use with Geoduck 
Method Scope  
This submission presents the ‘Matrix Expansion for the Receptor Binding Assay (RBA) 
for Paralytic Shellfish Poisoning (PSP) Toxicity Determination to Allow Use with Geoduck’ for consideration as an 
NSSP Approved Method for Marine Biotoxin Testing for PSP in Geoduck.  
 
The RBA offers a high-throughput, sensitive, and quantitative alternative to the mouse bioassay (MBA), which 
has been the long-standing reference method for PSP toxicity. Further, the RBA eliminates the use of live 
animals for detection of these toxins. While the RBA still uses receptors prepared from animals, the number of 
animals required for analysis is significantly reduced. Using native receptors as the analytical recognition 
elements for the assay allows for a composite measure of overall toxicity, as opposed to toxin concentrations 
measured by liquid chromatographic methods that require conversion factors of equivalent toxicity to calculate 
the overall toxicity. 
 
The RBA has undergone AOAC single- and multi-laboratory validation and is designated through AOAC as an 
Official Method of Analysis (OMA 2011.27). The RBA is currently an NSSP Approved Method for Marine Biotoxin 
Testing for PSP in mussels as well as a NSSP approved for Limited Use Method for clams and scallops for the 
purpose of screening and precautionary closure for PSP (ISSC 2015 Summary of Actions Proposal 13-114). Here 
we provided results from a single laboratory validation study for use of RBA with the matrix geoduck viscera for 
submission for the RBA to be considered for approval as an NSSP Approved Method for Marine Biotoxin Testing 
for PSP. 
References  
Van Dolah 2013. ISSC application: Receptor Binding Assay (RBA) for Paralytic Shellfish Poisoning (PSP)Toxicity 
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Van Dolah et al. 2012. Determination of paralytic shellfish toxins in shellfish by receptor binding assay: 
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Turner et al. 2012. Investigations into matrix components affecting the performance of the official bioassay 
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Principle  
The RBA is a competition-based assay that employs radiolabeled Saxitoxin (3H-STX) to compete with PSP toxins 
present in standards/samples for binding sites on natural receptors in the assay. Following incubation with the 
receptors, unbound 3H-STX is removed and the remaining labeled toxin is measured with a scintillation counter. 
The amount of remaining 3H-STX is inversely proportional to standard/sample toxicity. 
Any Proprietary Aspects  
None 
Equipment Required  
The following list identifies the equipment and supplies needed for conducting the RBA. 
For the assay: 
(a) Scintillation counter (traditional or microplate) 
(b) An 8-channel pipettor (5-200 ul variable volume and disposable tips) 
(c) Micropipettors (1-1000 ul variable volumes and disposable tips) 
(d) 96-well microtitre filter plate (1 µm pore size type GF/B glass fiber filter/0.65 um pore size Durapore support 
membrane (Millipore, Bedford, MA; Cat. No. MSFB N6B 50) 
(e) MultiScreen vacuum manifold (Millipore; Cat. No. NSVMHTS00) 
(f) Vacuum pump 
(g) Centrifuge tubes (15 and 50 ml, conical, plastic) 
(h) Mini dilution tubes in 96-tube array 
(i) Reagent reservoirs 
(j) Ice bucket and ice 
(k) Vortex mixer 
(l) Sealing tape (Millipore; Cat. No. MATA HCL00) 
(m) Volumetric flask or graduated beaker (1 L) 
(n) -80 °C freezer 
(o) Refrigerator 
 
For sample extraction: 
(p) Blender or homogenizer for sample homogenization 
(q) Pipets 
(r) Centrifuge tubes (15 ml, conical, plastic) 
(s) pH meter or pH paper 
(t) Hot plate or water bath 
(u) Graduated centrifuge tubes (15 ml) 
(v) Centrifuge and rotor for 15 ml tubes 
Reagents Required  
For the assay: 
a) STX diHCl standards (NIST RM 8642; available through the National Institute of Standards and Technology; 
www.nist.gov) [This is the same standard used for the MBA] or (CRM-STX; National Research Council of Canada; 
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www.nrc-cnrc.gc.ca/eng/solutions/advisory/crm/list_product.html#B-PSP) 
(b) 3H-STX (0.1 mCi per ml, ≥10 Ci per mmol; available through American Radiolabeled Chemicals, St. Louis, MO 
[or equivalent]) 
(c) 3-Morpholinopropanesulfonic acid (MOPS; Sigma; St. Louis, MO; Cat. No. M3183-500G [or equivalent]) 
(d) Choline chloride (Sigma; Cat. No. C7527-500G [or equivalent]) 
(e) Ultima Gold liquid scintillation cocktail (PerkinElmer Inc.; Waltham, MA; Cat. No. 6013321 [or equivalent]) 
 
For the sample extraction: 
(f) Hydrochloric acid (HCl; 1.0 and 0.1 M) 
(g) Sodium hydroxide (0.1 M) 
(h) Water (distilled or deionized [18 µΩ]) 
Sample Collection, Preservation and Storage Requirements  
Samples should be kept cool until meat is removed from shell, meat should be removed from shell within 48 
hours of collection and either frozen or extracted. 
Safety Requirements  
General safety requirements (e.g., personal protective equipment including gloves, safety glasses, and 
laboratory coat) for working with toxins, biological reagents, and radioactive material must be followed. Users 
must be trained in and follow all in-house safety procedures for working with toxins and radiolabeled materials. 
Even though low levels of radiation are used for this assay, users must follow all local, state and federal laws and 
procedures regarding the receipt, use, and disposal of isotopes. 
Clear and Easy to Follow Step-by-Step Procedure  
Please see the detailed protocol AOAC OMA 2011.27 (Appendix 1) 
Quality Control Steps Specific for this Method  
Only data falling within the linear part of the curve (0.2-0.7 B/B0) is used for quantitation. Binding curve data 
shown here is from 14 RBA plates run on separate days. All analysis was performed using GraphPad Prism 
version 7.02. 
 
The following parameters are required for quality control and acceptance of RBA results and were met by all 
assays included in this study: 

(a) Slope must be between -0.8 and -1.2 (theoretical slope is -1). In this study, the average slope was -
0.98 +/- 0.08. 

(b) IC50 (inhibitory concentration at which CPM is 50% maximum) is in the acceptable range (2.0 nM ±  
30%), between 1.4 and 2.6 nM. In this study, the average IC50 was 1.7 nM +/- 0.1 nM. 

(c) A QC sample (1.8 x 10 M-8 STX concentration, 3 nM STX in-well concentration) should be within 30% 
(2.1 nM to 3.9 nM in-well concentration). In this study, the measured QC had an average value of 3.1 
nM +/- 0.4 nM. 

(d) The RSDs of triplicate counts per minute must be less than 30%. All standards, QC samples, and 
geoduck samples in this study met these criteria. 

C. Validation Criteria  
1. Accuracy / Trueness  
Accuracy was evaluated based on recovery of known amounts of saxitoxin added as a QC check sample. A QC 
check sample is included in every receptor binding assay. Recovery of the QC check sample (3nM in-well 
solution) was 105% +/- 13% (Table 1). 
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Table 1: Calibration curve and QC check parameters in receptor binding assays 

RBA ID Slope R2 IC50 (nM) IC70 (nM)  

LOQ 
 (ug STX eq/ 
100g tissue) QC (nM) 

17-001 -0.86 0.99 1.6 0.59 2.6 2.9 
17-002 -0.88 0.99 1.8 0.68 3.0 2.8 
17-003 -0.94 0.96 1.6 0.65 2.9 2.5 
17-004 -0.99 0.96 1.7 0.71 3.2 2.6 
17-005 -0.92 0.98 1.5 0.60 2.7 3.1 
17-006 -0.98 0.98 1.8 0.78 3.5 3.1 
17-009 -0.95 0.94 1.5 0.62 2.8 3.6 
17-010 -1.00 0.96 1.5 0.66 2.9 3.0 
17-011 -1.15 0.96 1.9 0.92 4.1 3.7 
17-012 -1.08 0.97 1.7 0.77 3.4 3.3 
17-013 -1.04 0.97 1.8 0.81 3.6 3.1 
17-014 -0.99 0.95 1.7 0.70 3.1 3.1 
17-015 -0.95 0.99 1.5 0.62 2.8 3.7 
17-016 -1.04 0.96 1.8 0.77 3.4 3.4 

Average -0.98 0.97 1.7 0.71 3.2 3.1 
+/- 0.08 0.02 0.1 0.09 0.4 0.4 

 
 

2. Measurement Uncertainty  
 
 
3. Precision Characteristics (repeatability and reproducibility)  
Repeatability was determined by analyzing each sample in three assays performed on independent days. The 
average RSD was 14.6%, with a range of 5.4% to 25.6% (Table 2). These results are consistent with the mean 
RSD of 17.7% (Van Dolah 2009), used to demonstrate repeatability in ISSC 2015 Proposal 13-114. 
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Table 2: Receptor binding assay results, summary statistics, and comparison to MBA results 

Sample ID RBA (ug/100g) 
RBA mean 
(ug/100g) 

MBA 
(ug/100g) % MBA value SD RSD (%) 

1823 29 32 38 33 42 79 5 13.9 
2095 22 37 34 31 45 69 8 25.6 
1594 45 74 58 59 58 102 15 24.6 
2094 51 56 48 52 59 88 4 7.8 
1607 60 43 47 52 67 78 12 23.3 
1865 88 111 86 95 75 127 14 14.6 
1933 88 85 74 82 88 93 7 9 
1830 121 108 83 104 116 90 19 18.6 
2315 93 97 82 91 128 71 8 8.6 
2420 103 98 111 104 129 81 7 6.3 
2071 129 141 163 144 140 103 17 11.9 
2072 169 152 158 160 142 113 9 5.4 
2138 406 344 332 361 447 81 40 11 
1595 25 31 19 25 <38 - 6 24 
1674 3 9 6 6 NTD - 3 50* 

Average      90 12 14.6 
*RSD value omitted due to value below LOQ 

 
4. Recovery  
The average recovery of the QC check sample (3 nM in-well solution) was 105% +/- 13%. 
 
5. Specificity  
The RBA is specific to toxins that bind to site 1 of voltage-gated sodium channels. This includes all PSP 
congeners, whereby binding affinity is proportional to potency. Tetrodotoxin also binds to site 1 of the sodium 
channels, yet the typical combinations of sources, vectors, and geographical regions of tetrodotoxin and the 
saxitoxins differ. 
6. Working and Linear Ranges  
The dynamic range of the RBA is 1.2-10.0 nM in-well concentration (Van Dolah 2012). When necessary, samples 
must be diluted prior to analysis so that they are within the dynamic range of the RBA. Sigmoidal dose response 
with variable slope analysis is used to generate a binding curve from standard STX concentrations evaluated on 
each plate. 
7. Limit of Detection  
See Table 3 in the next section for a description of the limit of detection (LOD) for this method 
8. Limit of Quantitation / Sensitivity  
The limit of quantitation (LOQ) was determined from the average IC70 of all assays ran in the study, which was  
0.71 nM +/- 0.09 nM.Using an adaptation of Eurachem Guide definitions for limit of detection (LOD) and LOQ by 
Van Dolah et. al. (2012), where B/B0 = 0.7 (average IC70 value) is used as the cutoff for quantitation, we obtain 
the below values for LOD and LOQ (Table 1). The numbers are for a sample diluted 1/10 (the established 
minimum dilution to avoid matrix effects) and extraction according to the AOAC protocol. 
 

Table 3: LOD and LOQ for RBA matrix expansion of geoduck SLV 
 Equation SLV Results 

LOD IC70 + 3 x SD 4.4 ug STX eq/100 g 
LOQ IC70 +10 x SD 7.2 ug STX eq/100 g 
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9. Ruggedness  
Previous work has been done to identify critical steps to ensure accuracy and ruggedness (Ruberu et al. 2012, 
Van Dolah et al. 2012, VanDolah et al. 2009). It was deemed important to clarify the shellfish extracts by 
centrifugation prior to performing the assay, particularly if the sample was refrigerated or frozen. The rat brain 
preparations should be vortexed frequently to ensure the synaptosomes are in suspension, and the buffer 
should be ice cold to ensure that toxins are not released from the receptor. Assay plate filtration should be at a 
rate of 2-5 seconds for well clearance. Lastly, a minimum of 30 minutes should be allowed before reading the 
plates after scintillation liquid is added such that scintillant can penetrate the filters (Van Dolah 2013). 
10. Matrix Effects  
No matrix effects were reported. Minimum dilutions of shellfish extracts were 10-fold and were found to be 
sufficient to eliminate matrix effects. (Van Dolah 2013) 

  

RBA for PSP Determination - Geoduck 7

Proposal No. 17-106



11. Comparability (if intended as a substitute for an established method accepted by the NSSP) 
 
Comparability to MBA 
A comparison of STX concentration assayed in naturally contaminated samples by the MBA and the RBA was 
performed using linear regression analysis (GraphPad Prism, version 7.02). MBA results for samples from 
Washington were analyzed by the Washington Department of Health Shellfish Biotoxins & Water Bacteriology 
Laboratories and samples from Alaska were analyzed by the Alaska Department of Environmental Conservation 
Environmental Health Lab. All RBA results are from analysis by the Sitka Tribe of Alaska Environmental Research 
Laboratory. 57 total samples were compared, with the RBA yielding no false negatives relative to the regulatory 
limit of 80 ug/100g. Overall there were 12 false positives relative to the MBA. 

 
Comparability to Previous RBA Validation Work 
Previous work by (Van Dolah et al. 2012, Van Dolah et al. 2009) was submitted to the ISSC as ISSC 2015 Proposal 
13-114, resulting in approval of the RBA as a NSSP Approved Method for PSP in mussels and as a NSSP Approved 
Limited Use Method for clams and scallops for the purpose of screening and precautionary closure for PSP. The 
results from this SLV for matrix expansion of RBA for geoduck matrix is consistent with the data from the 
previous validation studies. 
 
A comparison of this SLV to previous validation work for the RBA demonstrates the ability of the RBA to 
withstand minor changes in analytical technique, reagents, and environmental factors (Table 4). 
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Table 4: Comparison of SLV results to previous RBA validation studies 
 

Accuracy 
(recovery of 

QC) 
Repeatability 

(Average RSD) 
Linear Range 

(slope, R2) IC50 (nM) 
LOQ (mean 
IC70 - nM) 

 Comparison 
to MBA (R2 
from linear 
regression 
analysis) 

STA Geoduck 104.5% 14.6% -0.98, 0.97 1.7 +/- 0.1 0.7 0.84, 0.92 
Van Dolah et. 
al. 2009 - SLV 99.3% 17.1% -0.98, 0.97 2.3 +/- 0.3 1.1 0.98, 0.88 

Van Dolah et. 
al. 2012 - MLV 106.9% 17.1% -1.03, ND* 1.9 +/- 0.5 0.8 0.84 

*No data available 

 
D. Other Information 
1. Cost of the Method 
The estimated cost per 96-well plate assay is ~$95.00. Including standards and samples with triplicate 
measurements (as well as three dilutions per sample[ranging from 3.5-600 µg STX eq 100 g-1] to ensure the 
unknown samples fall within linear range of assay), the cost per sample for quantitation would be ~$13.60. If 
running multiple plates or in screening mode, sample costs would be reduced. 
(Van Dolah 2013) 
2. Special Technical Skills Required to Perform the Method 
General laboratory training is necessary (this would include being able to prepare reagent solutions, pipetting, 
centrifugation, and simple calculations). Additional training for working with low levels of radioactive material is 
required. 
3. Special Equipment Required and Associated Cost 
A microplate scintillation counter is needed and the cost is ~$50-120K for a new counter, depending on the 
brand and number of simultaneous detectors. However, used instruments can be purchased for ~$15K. 
4. Abbreviations and Acronyms Defined 
3H-STX Tritiated saxitoxin 
AOAC, Association of Analytical Communities 
ARC, American Radiolabeled Chemicals 
B, Bound CPM 
Bo, Maximum bound CPM 
CFSAN, Center for Food Safety & Applied Nutrition 
CPM, Counts per minute 
diHCl,Dihydrochloride 
Eq, Equivalents 
HCl, Hydrochloric acid 
IC50,  Inhibitory concentration at which CPMs are at 50% of maximum 
LC-FD, Liquid chromatography with fluorescence detection 
LOD, Limit of detection 
LOQ, Limit of quantitation 
MBA, Mouse bioassay 
MOPS, 3-Morpholinopropanesulfonic acid 
NaOH, Sodium hydroxide 
NIST, National Institute of Standards and Technology 
NSSP, National Shellfish Sanitation Program 
OMA, Official method of analysis 
PCOX, Post-column oxidation liquid chromatography with fluorescence detection 
Pre-COX, Pre-column oxidation liquid chromatography with fluorescence detection 
PSP, Paralytic shellfish poisoning 
PSTs, Paralytic shellfish toxins 
QC, Quality control 

RBA for PSP Determination - Geoduck 9

Proposal No. 17-106



QS, Quality System 
RBA, Receptor binding assay 
RSD, Relative standard deviation 
SLV, Single laboratory validation 
STX, Saxitoxin 
5. Details of Turn Around Times (time involved to complete the method) 
Microplate scintillation counting provides the ability to test multiple samples simultaneously with a turn around 
time for data in approximately 3 hours. Up to six plates per analyst are possible in one day, yielding a 
throughput of 42 samples per day. If the assay is run in screening mode where only a single dilution (1/10) is 
run, then through-puts of >120 samples per day can be achieved. 
6. Provide Brief Overview of the Quality Systems Used in the Lab 
The Center for Food Safety and Applied Nutrition (CFSAN) Quality System (QS) provides guidance to (1) design 
and develop processes, products, and services related to CFSAN’s mission, the FDA’s regulatory mission, and 
critical management and administrative support services, and (2) continually improve and strengthen product 
and service quality. The Laboratory Quality Assurance program serves as CFSAN’s logical application of QS to 
Center laboratories and lab-based activities. The third edition (October 2009) of the Laboratory Quality Manual 
was followed. Standard reference materials for saxitoxin are obtained through the National Institute of 
Standards and Technology (NIST) and are accompanied by a Report of Investigation. The standard reference 
saxitoxin used in the RBA is the same as that employed with the MBA. The 3H-STX is obtained through American 
Radiolabeled Chemicals, Inc., and is accompanied by a Technical Data Sheet with lot specifications. 
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AOAC Official Method 2011.27 
Paralytic Shellfish Toxins (PSTs) in Shellfish

Receptor Binding Assay 
First Action 2011

[Applicable to the determination of paralytic shellfish toxins 
(PSTs), as µg STX diHCl equiv./kg, in shellfish (mussels, clams, 
scallops) at levels >149 mg STX diHCl equiv./kg, with a limit of 
detection (LOD) of 45 STX diHCl equiv./kg shellfish and a limit 
of quantification (LOQ) of 126 µg STX diHCl equiv./kg shellfish.]
Caution:	Wear disposable gloves and protective laboratory coat 

while performing the assay. PSTs are neurotoxins that 
are harmful if ingested. The assay uses a tritium labeled 
tracer, [3H] STX, at low concentration. All laboratories 
performing the assay must have approved radiation 
laboratory space and must follow procedures prescribed 
by their nuclear regulatory agency for receipt, use, and 
disposal of isotopes.

See Tables 2011.27A–E for the results of the interlaboratory 
study supporting acceptance of the method.
A.  Principle

Test portions of shellfish homogenates are extracted using the 
AOAC mouse bioassay extraction protocol (959.08), modified 
by scale. The PST receptor assay is a competitive binding assay 
in which [3H] STX competes with unlabeled STX in standards 
or mixtures of PST in samples for a finite number of available 
receptor sites (site 1 on the voltage gated sodium channel) in a rat 
brain membrane preparation. Following establishment of binding 
equilibrium at 4°C, unbound [3H] STX is removed by filtration and 
bound [3H] STX is quantified by liquid scintillation counting. A 
standard curve is generated using increasing concentrations of STX 
standard from 10–10 to 10–6 M STX, which results in a reduction 
in bound [3H] STX that is directly proportional to the amount of 
unlabeled toxin present. The concentration of toxin in samples 
is determined in reference to the standard curve. Incubation is 
carried out in a microplate format to minimize sample handling 
and the amount of radioactivity used. Bound [3H] STX (as counts 
per minute; CPM) can be determined either by conventional or by 
microplate scintillation counting. Both methods are included in this 
protocol.
B.  Apparatus and Supplies

(a)  Traditional or microplate scintillation counter.
(b) Micropipettors.—1–1000 mL variable volumes and 

disposable tips.
(c)  Eight channel pipettor.—5–200 mL variable volume and 

disposable tips.
(d)  96-Well microtiter filter plate.—With 1.0 mm pore size 

type GF/B glass fiber filter/0.65 mm pore size Durapore support 
membrane (Millipore, Bedford, MA, USA; Cat. No. MSFB N6B 
50).

(e) MultiScreen vacuum manifold.—Millipore; Cat. No. 
NSVMHTS00.

(f)  Vacuum pump.
(g) Centrifuge tubes.—15 and 50 mL, conical, plastic.
(h) Mini dilution tubes in 96-tube array.
(i)  Reagent reservoirs.
(j)  Ice bucket and ice.
(k)  Vortex mixer.

(l)  Sealing tape.—Millipore; Cat. No. MATA HCL00.
(m)  Volumetric flask.—1 L.
(n)  –80°C freezer.
(o)  Refrigerator.
For traditional scintillation counter only:
(p) MultiScreen punch device.—Millipore; Cat No. MAMP 096 

08.
(q) MultiScreen disposable punch tips.—Millipore; Cat. No. 

MADP 196 10.
(r) MultiScreen punch kit B for 4 mL vials.—Millipore; Cat. No. 

MAPK 896 0B.
(s)  Scintillation vials.—4 mL.
For sample extraction:
(t)  Pipets.
(u) Centrifuge tubes.—15 mL, conical, plastic.
(v)  Vacuum pump or house vacuum.
(w)  pH meter or pH paper.
(x) Hot plate.
(y) Graduated centrifuge tubes.—15 mL.
(z) Centrifuge and rotor for 15 mL tubes.

C.  Reagents

(a)  [3H] STX.—0.1 mCi/mL, ≥10 Ci/mmol, ≥90% radiochemical 
purity (American Radiolabeled Chemicals, St. Louis, MO, USA, or 
International Isotopes Clearinghouse, Leawood, KS, USA).

(b)  STX diHCl.—NIST RM 8642 (www.nist.gov).
(c)  3-Morpholinopropanesulfonic acid (MOPS).—Sigma (St. 

Louis, MO, USA; Cat. No. M3183-500G), or equivalent.
(d) Choline chloride.—Sigma (Cat. No. C7527-500G), or 

equivalent.
(e)  Rat brain membrane preparation.—Appendix 1 [J. AOAC 

Int. (future issue)].
For traditional counter:
(f)  Scintiverse BD liquid scintillation cocktail.—Fisher 

Scientific (Waltham, MA, USA; Cat. No. SX-18), or equivalent.
For microplate counter:
(g)  Optiphase liquid scintillation cocktail.—PerkinElmer 

Life Sciences (Downers Grove, IL, USA; Cat. No. 1200-139), or 
equivalent.

For sample extraction:
(h)  Hydrochloric acid (HCl).—1.0 and 0.1 M.
(i)  Sodium hydroxide.—0.1 M.
(j)  Water.—Distilled or deionized (18 µΩ).

D.  Sample Extraction

Accurately weigh 5.0 g tissue homogenate into a tared 15 mL 
conical tube. Add 5.0 mL of 0.1 M HCl, vortex, and check pH. 
If necessary, adjust pH to 3.0–4.0 as determined by a pH meter 
or pH paper. To lower pH, add 1 M HCl dropwise with mixing; 
to raise pH, add 0.1 M NaOH dropwise with mixing to prevent 
local alkalinization and consequent destruction of toxin. Place 
the tube in a beaker of boiling water on hot plate for 5 min with 
the caps loosened. Remove and cool to room temperature. Check 
pH and adjust cooled mixture to pH 3.0–4.0 as described above. 
Transfer entire contents to graduated centrifuge tube and dilute 
volumetrically to 10 mL. Gently stir contents to homogeneity and 
allow to settle until portion of supernatant is translucent and can 
be decanted free of solid particles. Pour approximately 5 to 7 mL 
of the translucent supernatant into a centrifuge tube. Centrifuge 
at 3000 × g for 10 min. Retain clarified supernatant and transfer 
to a clean centrifuge tube. Store extracts at –20°C until tested in 
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receptor assay.
E.  Preparation of Stock Solutions and Standards

(a)  Assay buffer.—100 mM MOPS/100 mM choline chloride, 
pH 7.4. Weigh out 20.9 g MOPS and 13.96 g choline chloride and 
add to 900 mL dH2O. Adjust pH to 7.4 with NaOH while stirring 
and bring to a final volume of 1 L with dH2O. Store at 4°C.

(b)  Radioligand solution.—Calculate the concentration of 
[3H] STX stock provided by the supplier, which may vary 
between lots. Suppliers generally provide the specific activity 
in Ci/mmol (generally 10–30 Ci/mmol) and activity in mCi/mL 
(0.05–0.1  mCi/mL), from which the molar concentration can be 
calculated. Prepare 4 mL of a 15 nM working stock of [3H] STX 
fresh daily in 100 mM MOPS/100 mM choline chloride buffer. This 
will provide sufficient volume for one 96-well plate at an in-well 
concentration of 2.5 nM. Measure total counts of each working 
stock prior to running an assay: add 35 µL of the working stock 
[3H] STX in buffer to a liquid scintillation vial with 4 mL scintillant 
and count on a traditional liquid scintillation counter. This is done 
to confirm correct dilution prior to running the assay. Depending on 
the efficiency of the scintillation counter used, the corresponding 
CPM will vary, but should be consistent day-to-day and within 
15% of the expected value.

(c) Unlabeled STX standard working solution.—The STX diHCl 
standard is provided at a concentration of 268.8 µM (100 µg/mL). 
A “bulk” standard curve can be made up in advance and stored at 
4°C for up to 1 month. The use of a bulk standard curve minimizes 
the pipetting needed for setting up an assay routinely and improves 
day-to-day repeatability. Make up 3 mM HCl (e.g., from a 3 M 
stock, 50 µL in 50 mL), then perform the serial dilutions (see 
Table  2011.27F) of NIST RM 8642 STX diHCl (100 µg/mL = 
268.8 µM) to make up the standard curve in 3 mM HCl. These 
standard stock solutions will be diluted 1/6 in the assay to yield the 
designated in-assay concentrations (see Table 2011.27F).

(d)  Interassay calibration standard (QC check).—Prepare a 

reference standard containing 1.8 × 10–8 M STX standard (3.0 × 
10–9 M STX in assay) in advance in 3 mM HCl and keep frozen 
(–80°C) in 1 mL aliquots for long-term storage. Aliquots should 
be thawed and stored at 4°C for routine use (stable up to 1 month) 
and analyzed in each assay. This serves as a QC check and confirms 
day-to-day performance of the assay.

(e)  Rat brain membrane preparation.—Prepare rat brain 
membrane preparation in bulk [Appendix 1; J. AOAC Int. 
(future issue)] and store at –80°C until used in the assay. Thaw 
an aliquot of rat brain membrane preparation on ice. Dilute 
membrane preparation with cold (4°C) 100 mM MOPS/100 mM 
choline chloride, pH 7.4, to yield a working stock with a protein 
concentration of 1.0 mg/mL (this will be diluted in the assay plate 
to 0.5 mg/mL in-well concentration). Vortex vigorously to achieve 
a visibly homogeneous suspension. Keep the diluted membrane 
preparation on ice until ready to use.
F.  Performing the Assay

(a)  Plate setup.—When possible, use a multichannel pipet to 
minimize pipetting effort and increase consistency. Standard curve, 
QC check, and sample extracts are run in triplicate wells. Multiple 
dilutions of sample extracts should be analyzed in order to obtain 
a value that falls between 0.2–0.7 B/Bo on the standard curve for 
quantification. For ease of analysis, it is convenient to use a standard 
plate layout that maximizes the number of samples and standards 
that can be analyzed on one plate. For shellfish extracts, a minimum 
dilution of 1:10 is used, which minimizes potential matrix effects, 
while still providing an LOQ of approximately 126 mg/kg shellfish 
(see Table 2011.27G).

(b)  Addition of samples and standards.—Add in the following 
order to each of the 96 wells: 35 μL assay buffer; 35 μL STX 
standard, QC check, or sample extract; 35 μL [3H] STX; 105 μL 
membrane preparation. The assay buffer is added first in order to wet 
the filter membrane. It is critical to continuously mix the membrane 
preparation by careful up-and-down pipetting immediately prior to 

Table  2011.27B.  Summary statistics on blind duplicates, run in separate assays (values are in μg STX diHCl equiv./kg)

Lab

MLV05 MLV06 MLV07 MLV09 MLV11

Avg.Assay 1 Assay 2 Assay 1 Assay 2 Assay 1 Assay 2 Assay 1 Assay 2 Assay 1 Assay 2

1 370 580 1100 1290 1260 1010 860 810 270 430

2 610 670 1340 1520 1540 1530 680 1190 370 350

3 620 250 1320 1460 1220 1390 950 1130 480 401

4 410 430 1440 970 1980 1000 870 810 340 280

5 690 910 1260 1790 1760 1720 980 1630 640 550

6 1070 700 1720 2520 1530 1860 1120 1390 490 620

7 630 880 2090 1240 1750 1150 1460 1830 230a 1149a

8 660 940 2130 870 1210 2150 820 1120 600 410

9 330 300 890 1250 840 890 590 870 110 250

  Avg. 614 1453 1433 1062 416

  Sr 169 432 366 247 83

  SR 239 444 387 338 152

  RSDr, % 27.5 29.4 25.5 23.3 20.0 25.1

  RSDR,% 38.9 30.2 27.0 31.9 36.5 32.9

  HorRat 2.3 2.0 1.8 2.0 2.0 2.0
a  Outlier; not used in calculation.
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dispensing into the 96-well plate to maintain an even suspension 
across the entire plate. Cover and incubate plate at 4°C for 1 h.

(c)  Assay filtration.—Attach the vacuum manifold to the vacuum 
pump with an in-line side arm flask to catch filtrate from the plate 
filtration process. Set the vacuum pressure gauge on the pump 
or vacuum manifold to 4–8″ Hg (135–270 millibar), as specified 
in the instructions provided with the filtration plates. Place the 
96-well plate on the vacuum manifold. Fill empty wells with 200 
µL MOPS/choline chloride buffer to ensure even vacuum pressure 
and filtration across the plate. Turn on vacuum. Optimum vacuum 
will pull the wells to dryness in 2–5 s. Pull contents of all wells 
through until all liquid is removed. (Note: Too low a vacuum will 
result in slow well clearance, but too high will result in an airlock 
and no well clearance.) With vacuum pump running, quickly rinse 
each well twice with 200 μL ice cold MOPS/choline chloride buffer 
using multichannel pipet. Maintain vacuum until liquid is removed.

(d)  Preparation of the assay for counting.—Remove the plastic 
bottom from the plate. Blot the bottom once on absorbent toweling.

(1)  For counting in microplate scintillation counter.—Place 
the microplate in a counting cassette. Seal the bottom of the 96-
well plate with sealing tape. Add 50 μL Optiphase scintillation 
cocktail per well using multichannel pipet. Seal the top of the plate 
with sealing tape. Allow to incubate 30 min at room temperature. 
Place the plate in a counting cassette and count in a microplate 
scintillation counter for 1 min/well.

(2)  For counting in traditional scintillation counter.—Place the 
microplate in the MultiScreen punch system apparatus. Place the 
disposable punch tips on top of the microplate. Punch the filters 
from the wells into scintillation vials and fill with 4 mL scintillation 
cocktail (Scintiverse or equivalent). Place caps on the vials and 
vortex. Allow vials to sit overnight in the dark, then count using a 
tritium window in a traditional scintillation counter.
G.  Analysis of Data

For assays performed using the traditional counter, curve fitting 
is performed using a four-parameter logistic fit, also known as a 
sigmoidal dose response curve (variable slope; see Figure 2011.27), 
or Hill equation:

y
x

� �
�

� �
min

max min
( log )1 10 50IC Hill slope

where max is the top plateau representing maximum binding 
in CPM in the absence of competing nonradiolabeled STX, also 
known as Bo; min is the bottom plateau, equal to nonspecific 
binding (in CPM) in the presence of saturating nonradiolabeled 
toxin; IC50 is the inhibitory concentration at which CPM are 50% 
of max-min (dashed lines; Figure 2011.27); Hill slope is the slope 
of the curve; x axis is the log concentration of STX; and y axis is 
total ligand binding in CPM (here represented as B/Bo, or bound/
max bound). A curve fitting package such as Prism (Graph Pad 
Software, Inc.) is recommended. For the microplate counter users, 
receptor assay applications provided by the manufacturer may be 
used (e.g., MultiCalc; PerkinElmer Wallac, Gaithersburg, MD, 
USA).

(a)  Sample quantification.—Sample quantification is carried 
out only on dilutions that fall within B/Bo of 0.2–0.7, where B 
represents the bound [3H]STX (in CPM) in the sample and Bo 
represents the max bound [3H]STX (in CPM). Where more than 
one dilution falls within B/Bo of 0.2–0.7 on the curve, all sample 
wells corresponding to these dilutions are used to calculate sample 
concentration. Sample concentration is calculated in μg STX diHCl 

Table  2011.27C.  Performance of individual laboratories on blind 
duplicates (values are in μg STX diHCl equiv./kg)
Laboratory ID Day 1 Day 2 Mean sr RSDr, %
1 MLV05 370 580 475 148 31.3

MLV06 1100 1290 1195 134 11.2
MLV07 1260 1010 1135 177 15.6
MLV09 860 810 835 35 4.2
MLV11 270 430 350 113 32.3

  Avg. 18.9
2 MLV05 605 670 638 46 7.2

MLV06 1340 1520 1430 127 8.9
MLV07 1540 1530 1535 7 0.5
MLV09 680 1190 935 361 38.6
MLV11 370 350 360 14 3.9

  Avg. 11.8
3 MLV05 620 250 435 262 60.1

MLV06 1320 1460 1390 99 7.1
MLV07 1220 1303 1262 59 4.7
MLV09 950 1130 1040 127 12.2
MLV11 480 460 470 14 3.0

  Avg. 17.4
4 MLV05 410 430 420 14 3.4

MLV06 1440 970 1205 332 27.6
MLV07 1980 1000 1490 693 46.5
MLV09 870 810 840 42 5.1
MLV11 340 280 310 42 13.7

  Avg. 19.2
5 MLV05 690 910 800 156 19.4

MLV06 1260 1790 1525 375 24.6
MLV07 1760 1720 1740 28 1.6
MLV09 980 1630 1305 460 35.2
MLV11 640 550 595 64 10.7

  Avg. 18.3
6 MLV05 1070 700 885 262 29.6

MLV06 1720 2520 2120 566 26.7
MLV07 1530 1860 1695 233 13.8
MLV09 1120 1390 1255 191 15.2
MLV11 490 620 555 92 16.6

  Avg. 20.4
7 MLV05 630 880 755 177 23.4

MLV06 2090 1240 1665 601 36.1
MLV07 1750 1150 1450 424 29.3
MLV09 1460 1830 1645 262 15.9
MLV11 230a 1150a

  Avg. 26.2
8 MLV05 660 940 800 198 24.7

MLV06 2130 870 1500 891 59.4
MLV07 1210 2150 1680 665 39.6
MLV09 820 1120 970 212 21.9
MLV11 600 410 505 134 26.6

  Avg. 34.4
9 MLV05 330 300 315 21 6.7

MLV06 890 1250 1070 255 23.8
MLV07 840 890 865 35 4.1
MLV09 590 870 730 198 27.1
MLV11 110 250 180 99 55.0

  Avg. 23.3
  Overall avg. 22.2
a  Outlier; not used in calculations.
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Table  2011.27D.  Calibration curve and QC check parameters in three receptor binding assays performed in nine participant 
laboratories

Lab
Assay 
day Slope

IC50,
nM

QC, 
nM

Reference, 
CPM

IC70,
nM

Standards where RSD >30%; 
action

Curve fitting 
software

Scintillation 
counter

Manual/
microplate

1 1 –0.9 1.9 2.4 720 0.90 None Prism v 3.02 Packard Top Count Microplate

2 –1.0 2.0 2.6 733 0.96 None

3 –1.1 2.1 3.2 1038 0.92 None

2 1 –1.1 1.8 3.8 1160 0.66 3 nM; 1 well removed Prism v 5.0 Packard Top Count Microplate

2 –1.2 2.2 3.9 1260 0.85 None

3 –1.0 1.6 3.2 1262 0.46 3 nM, 1 nM removed

3 1 –1.0 2.0 2.3 2529 0.41 First column removed Prism v 5.0 Wallac Microbeta Microplate

2 –0.9 2.0 2.5 1463 0.92 1000 nM; 1 well removed

3 1.0 1.6 2.8 2088 0.80 None

4 1 -0.9 1.7 3.4 1125 0.61 None Prism v 3.03 PerkinElmer 
Tricarb

Manual

2 –1.2 1.7 3.2a 1611 0.77 None

3 –0.9 1.2 2.9 1324 0.45 30 nM 35%; 1 well removed

5 1 –0.9 1.4 3.3 1566 0.64 1.0 nM; 1 well removed MultiCalc Wallac Microbeta Microplate

2 –1.2 1.8 3.6 1528 1.05 0.1 nM and 30 nM; 1 well 
removed

3 –1.2 1.8 2.9 1052 0.67 None

6 1 –1.1 2.6 3.0 670 1.15 None Prism v 4.0 Wallac Microbeta Microplate

2 –1.0 2.0 4.0b 1124 1.08 None

3 –1.1 3.4 6.5b 1030 2.04c None

7 1 –0.8 1.0 2.8a 919 0.33 None Prism Wallac Microbeta Micropolate

2 –1.0 1.6 2.7 619 0.70 None

3 –0.9 2.1 3.2a 693 0.82 None

8 1 –1.2 1.7 3.7 1146 0.86 None Prism Wallac Microbeta Microplate

2 –1.1 1.4 1.5b 1095 0.78 None

3 –1.1 2.4 2.3 886 1.04 None

9 1 –1.0 2.2 4.0b 1363 0.97 None Prism Wallac Microbeta Microplate

2 –1.0 2.0 3.2 1380 0.85 100 nM 33%; left in

3 –1.0 2.1 3.7 1532 0.92 None
a  One well removed.
b  Outside of specifications.
c  Outlier by Grubbs test.
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equiv./kg shellfish, using the following formulas:

(nM STX equiv.) (sample dilution
L total vol

� �)
(210 � ume

L sample

nM STX equiv. in extract

)

35 �

�

( )nM STX diHCl equiv. in extract
L

mL

ng

nmo
� �

1

1000

372

l

g

ng

g STX diHCl equiv./mL

�

�

1

1000

�

�

�g STX diHCl equiv./mL
mL extract

g shellfish

1000 
� �

g

kg

g STX diHCl equiv./kg� �

H.  Assay Performance Standards

The following criteria must be met for assay acceptance:
(a)  For a ligand that specifically binds at one receptor site, 

the slope of the resulting competition curve should theoretically 
be –1.0. If the slope of the curve for a given assay is outside of 
the acceptable range of –0.8 to –1.2, linearity of the assay will be 
compromised and quantification of the unknowns will be incorrect.

(b)  RSDs of triplicate CPMs for standards should be below 
30% as variability may affect the slope calculation and thereby 
quantification of samples.

(c)  If the IC50 is out of the acceptable range (2.0 nM ± 30%) 

Table  2011.27E.  Results of the receptor binding assay (RBA), mouse bioassay (MBA), and HPLC analyses of 21 shellfish extracts, 
sorted by mouse bioassay value (all values are in μg STX diHCl equiv./kg shellfish tissue; results in bold indicate toxicity above the 
800 μg STX diHCl equiv./kg regulatory limit; all other results indicate toxicity below the regulatory limit)
Sample Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8 Lab 9 RBA, avg. HPLC MBA

21 NDa ND ND ND ND ND ND ND ND ND ND ND

5 180 200 200 150 150 100 150 290 100 168 108 ND

15 330 270 410 180 590 680 370 1570b 90 365 196 182

13 270 370 480 340 640 290 240 600 110 371 236 299

20 430 350 460 280 550 490 1150b 410 250 403 236 299

14 400 1240b 560 450 650 530 500 440 200 466 625 343

1 370 610 620 410 690 1070b 630b 660 330 599 413 387

16 580 670 250 430 910 700 860b 940b 300 627 413 387

3 80 190 140 90 130 160 230 220 100 149 341 405

6 950 940 1060 1130 1040 750 1460 1320 810 1051 618 485

7 660 930 1080 870 840 1320 1490 2420 490 960 685 528

2 1100 1340 1320 1440 1260 1720 2080 2130 890 1476 931 595

17 1290 1520 1460 970 1800 2520 1470 870 1250 1460 931 595

4 860 680 950 870 980 1120 1460 820 590 926 1070 653

12 810 1190 1130 810 1630 1390 1880 1120 870 1203 1070 653

11 1260 1540 1220 1980 1760 1530 1660 1210 840 1444 965 714

18 1010 1600 1390 1000 1720 1860 1520 2150 890 1452 965 714

8 1360 1520 1580 1110 1700 3180 1400 2780 520 1683 894 752

9 830 1180 1130 1150 1130 1780 1340 980 690 1134 802 792

19 1640 2130 2800 2660 2330 1850 3390 2740 1830 2374 2000 1027
10 2440 2840 2910 1740 2150 1800 2690 2490 1210 2252 1890 1080
a  ND = Not detected.
b  Outlier; not used in average calculation.

then the assay should be considered suspect and rerun, as a shift 
in the curve will result in over- or underestimation of sample 
concentrations.

(d)  QC check should be 3 nM STX ± 30% (in-well concentration). 

Table  2011.27F.  Dilution series to prepare bulk solutions for 
standard curve

Stock, M In-assay, M

100 µL 268.8 µM STX + 4.38 mL 
  0.003 M HCl

6 × 10–6 1 × 10–6

500 µL 6 × 10–6 M + 4.5 mL
  0.003 M HCl

6 × 10–7 1 × 10–7

1.5 mL 6 × 10–7 M + 3.5 mL
  0.003 M HCl

1.8 × 10–7 3 × 10–8

500 µL 6 × 10–7 M + 4.5 mL
  0.003 M HCl

6 × 10–8 1 × 10–8

500 µL 1.8 × 10–7 M + 4.5 mL
  0.003 M HCl

1.8 × 10–8 3 × 10–9

500 µL 6 × 10–8 M + 4.5 mL
  0.003 M HCl

6 × 10–9 1 × 10–9

500 µL 6 × 10–9 M + 4.5 mL
  0.003 M HCl

6 × 10–10 1 × 10–10

5 mL 0.003 M HCl 0 Reference
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Figure  2011.27.  Sigmoidal dose response curve. Dashed 
lines indicate log IC50.

Assays with a QC check sample out of specifications should trigger 
a check of the IC50 value.

The following criteria must be met for acceptability of a sample 
measurement:

(a)  Sample quantification should be done only on dilutions that 
fall within B/Bo of 0.2–0.7. In the event that all sample dilutions 
fall below B/Bo 0.2 (i.e., concentration is too high), further dilutions 
must be made and the sample reanalyzed. In the event that the 
sample concentration is too low to be quantified (i.e., B/Bo > 0.7), 
the sample is reported as below LOD. If more than one dilution 
falls on the linear part of the curve, an average value calculated 
from all dilutions should be used. If there is disagreement between 
different dilutions in final concentration reported, check for error in 
the sample dilution process.

(b)  RSD of the sample CPMs should be ≤30%.
Reference:	 J. AOAC Int. (future issue)

Table  2011.27G.  Recommended microplate layout for ease of handling triplicate wells of standard curve, QC check sample, and 
unknown samples; each sample is run at three dilutions (1:10, 1:50, 1:200); standard curve is run in columns 1–3 (values are in 
M STX)a

Microplate 
row

Microplate column

1 2 3 4 5 6 7 8 9 10 11 12

A 10–6 10–6 10–6 QC QC QC U3
1:50

U3
1:50

U3
1:50

U6
1:10

U6
1:10

U6
1:10

B 10–7 10–7 10–7 U1
1:10

U1
1:10

U1
1:10

U3
1:200

U3
1:200

U3
1:200

U6
1:50

U6
1:50

U6
1:50

C 3 × 10–8 3 × 10–8 3 × 10–8 U1
1:50

U1
1:50

U1
1:50

U4
1:10

U4
1:10

U4
1:10

U6
1:200

U6
1:200

U6
1:200

D 10–8 10–8 10–8 U1
1:200

U1
1:200

U1
1:200

U4
1:50

U4
1:50

U4
1:50

U7
1:10

U7
1:10

U7
1:10

E 3 × 10–9 3 × 10–9 3 × 10–9 U2
1:10

U2
1:10

U2
1:10

U4
1:200

U4
1:200

U
1:200

U7
1:50

U7
1:50

U7
1:50

F 10–9 10–9 10–9 U2
1:50

U2
1:50

U2
1:50

U5
1:10

U5
1:10

U5
1:10

U7
1:200

U7
1:200

U7
1:200

G 10–10 10–10 10–10 U2
1:200

U2
1:200

U2
1:200

U5
1:50

U5
1:50

U5
1:50

H REF REF REF U3
1:10

U3
1:10

U3
1:10

U5
1:200

U5
1:200

U5
1:200

a  REF = Reference; QC = quality control check; U = unknown sample. [Note: The same standard curve may be used for multiple plates (i.e., 11 samples can be 
run on subsequent plates in a series if the standard curve is not included).]
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A single-laboratory validation (SLV) study was
conducted for the microplate receptor binding
assay (RBA) for paralytic shellfish poisoning (PSP)
toxins in shellfish. The basis of the assay is the
competition between [3H]saxitoxin (STX) and STX
in a standard or sample for binding to the voltage
dependent sodium channel. A calibration curve is
generated by the addition of 0.01–1000 nM STX,
which results in the concentration dependent
decrease in [3H]STX-receptor complexes formed
and serves to quantify STX in unknown samples.
This study established the LOQ, linearity, recovery,
accuracy, and precision of the assay for
determining PSP toxicity in shellfish extracts, as
performed by a single analyst on multiple days.
The standard curve obtained on 5 independent
days resulted in a half-maximal inhibition (IC50) of
2.3 nM STX ! 0.3 (RSD = 10.8%) with a slope of 0.96
! 0.06 (RSD = 6.3%) and a dynamic range of
1.2–10.0 nM. The LOQ was 5.3 "g STX
equivalents/100 g shellfish. Linearity, established
by quantification of three levels of purified STX
(1.5, 3, and 6 nM), yielded an r2 of 0.97. Recovery
from mussels spiked with three levels (40, 80, and
120 "g STX/100 g) averaged 121%. Repeatability
(RSDr), determined on six naturally contaminated
shellfish samples on 5 independent days, was
17.7%. A method comparison with the AOAC
mouse bioassay yielded r2 = 0.98 (slope = 1.29) in
the SLV study. The effects of the extraction method
on RBA-based toxicity values were assessed on
shellfish extracted for PSP toxins using the AOAC
mouse bioassay method (0.1 M HCl) compared to
that for the precolumn oxidation HPLC method
(0.1% acetic acid). The two extraction methods
showed linear correlation (r2 = 0.99), with the HCl
extraction method yielding slightly higher toxicity
values (slope = 1.23). A similar relationship was

observed between HPLC quantification of the HCl-
and acetic acid-extracted samples (r2 = 0.98, slope
1.19). The RBA also had excellent linear correlation
with HPLC analyses (r2 = 0.98 for HCl, r2 = 0.99 for
acetic acid), but gave somewhat higher values than
HPLC using either extraction method (slope = 1.39
for HCl extracts, slope = 1.32 for acetic acid).
Overall, the excellent linear correlations with the
both mouse bioassay and HPLC method and
sufficient interassay repeatability suggest that the
RBA can be effective as a high throughput screen
for estimating PSP toxicity in shellfish.

P
aralytic shellfish poisoning (PSP) is a seafood
intoxication caused by the consumption of shellfish
tainted with saxitoxins (STXs) produced by certain

species of harmful algae. Saxitoxins are a suite of heterocyclic
guanidinium toxins, of which currently more than
21 congeners are known (Figure 1). These congeners occur in
varying proportions in the dinoflagellates that produce them
and are further metabolized in shellfish that accumulate them,
making analytical determination of PSP toxins in shellfish
complex. The long-standing regulatory method for PSP toxins
is the AOAC mouse bioassay (1), with a regulatory limit of
80 !g/100 g shellfish generally applied. Increasing resistance
to whole animal testing has driven the need to develop
alternative methods suitable for use in a high throughput
monitoring or regulatory setting. In the past decade, several
alternatives to the mouse bioassay have been developed and
validated to various degrees. The precolumn oxidation HPLC
method (2) has received First Action approval by AOAC as an
Official Method for PSP (2005.06; 3) and has been accepted
into the European Food Hygiene Regulations as an alternative
to the mouse bioassay and further refined to optimize its use in
the United Kingdom Official Control monitoring of PSP
toxins in mussels (4). However, although the HPLC method
performs well quantitatively, it is quite time consuming for
high throughput screening needed by many monitoring
programs. A qualitative lateral flow antibody test for PSP
toxins with a detection limit of 40 !g/100 g, developed by
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Jellett Rapid Testing Ltd (Chester Basin, NS, Canada), has

been approved in the United States by the Interstate Shellfish

Sanitation Conference and the U.S. Food and Drug

Administration (FDA) as a screening method. This method

performed well in a comparison study with the mouse

bioassay, with a false-positive rate of 6% and a false-negative

rate of <0.1% (5), but it has not been put through a full AOAC

collaborative trial, and does not provide quantitative analysis.

To date, a suitable quantitative, high throughput alternative to

the mouse bioassay has not been validated through the AOAC

Official Methods Program. The current study establishes the

single laboratory performance characteristics of the

microplate receptor binding assay (RBA) for PSP toxins in

shellfish and identifies it as a candidate for fulfilling the

requirements of high throughput, quantitative analysis that

measures a composite toxic potency in a manner analogous to

the mouse bioassay.

STX elicit their paralytic effects by binding to site 1 on the
voltage dependent sodium channel, thereby blocking the
transmission of neuronal and muscular action potentials.
Because all STX congeners bind to site 1 with affinities
proportional to their mouse intraperitoneal (IP) toxicity (6), a
receptor binding competition assay can be used to measure the
integrated toxic potency of STX congeners in a sample,
independent of which toxin congeners are present. Moreover,
any toxin metabolites originating in the shellfish matrix will
also be detected by the assay according to their affinity for the
sodium channel receptor. In this binding competition assay,
[3H]STX competes with unlabeled STX and/or its derivatives
for a finite number of available receptor sites in a rat brain
membrane preparation. Following establishment of binding
equilibrium, unbound [3H]STX is removed by filtration and

bound [3H]STX is quantified by liquid scintillation counting.
The percent reduction in [3H]STX binding in the presence of
unlabeled toxin is directly proportional to the amount of
unlabeled toxin present. A standard curve is established using
increasing concentrations of unlabeled STX, and the
concentration of PSP toxins in an unknown sample is
quantified using this standard curve.

The assay tested in this single laboratory trial is a
modification of the method of Doucette et al. (7) to a 96-well
microplate format described by Van Dolah et al. (8).
Application of microplate scintillation counting to the PSP
assay was first reported by Powell and Doucette (9), who
applied it to phytoplankton analysis. The use of the microplate
format, in conjunction with microplate scintillation counting,
makes the assay suitable for use in a high throughput
monitoring or regulatory setting. Several versions of the PSP
receptor binding assay have undergone method comparisons
in different laboratories with favorable correlations to the
mouse bioassay and/or other assays for PSP toxins in
shellfish. Suarez-Isla and Valez (10) showed excellent linear
correlation (r2 = 0.97) between the RBA and mouse bioassay
of 41 shellfish extracts between 40 and 10 000 !g STX
equivalents/100 g. Llewellyn et al. (11) found that the sodium
channel receptor assay compared well to three other methods
of analysis for PSP toxins in shellfish (HPLC, mouse
bioassay, and N2A cytotoxicity assay). Ruberu et al. (12)
optimized the microplate format assay for use in the Packard
Top Count microplate scintillation counter (a single channel
counter; GMI, Inc., Ramsey, MN), compared results with the
same assay performed on the Wallac microplate counter
(a two-channel coincidence counter; Perkin Elmer Wallace,
Gaithersburg, MD), and provided further correlation data with
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Figure 1. Structures and toxic potency of 21 saxitoxin congeners. Toxic potency is listed as mouse units
(MU)/"mole, where a mouse unit is defined as the minimum amount required to kill a 20 g mouse in 15 min when
administered by IP injection. The table is modified from ref. 15.
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the mouse bioassay. Usup et al. (13) utilized the microplate
RBA method to compare predicted toxicity values in samples
spiked with different STX congeners as assayed by the mouse
bioassay and the RBA. Llewellyn (14) defined the
competitive behavior of PSP toxin mixtures in receptor
binding assays, using both the sodium channel and saxiphilin
receptors, which explains their composite toxicity. However,
none of these previous studies fully characterized assay
performance according to AOAC single-laboratory validation
(SLV) criteria that are the underpinning required for
proceeding with an AOAC collaborative trial. Therefore, the
current study was carried out to fulfill those requirements.

Experimental

Apparatus

(a) Microplate scintillation counter.—Wallac Microbeta,
GMI Inc. (Ramsey, MN).

(b) Microplate filtration manifold.—Millipore (Bedford,
MA).

(c) Hot plate.—Fisher Scientific (Suwannee, GA).

(d) Countertop centrifuge.—For 15 mL tubes, capable of
3000 " g (Fisher Scientific).

(e) Microtiter filter plates (96 well) with 1.0 !m pore size
type FB glass fiber filter/0.65 !m pore size Duropore support
membrane.—Cat. No. MSFB N6B 50 (Millipore Corp.,
Billerica, MA).

(f) Microplate sealing tape.—Cat. No. MATA HCL00
(Millipore Corp.).

(g) Vortex mixer.—Daigger Vortex Genie II (Daigger
Scientific, Vernon Hills, IL).

(h) Teflon/glass tissue homogenizer.—Wheaton
(Millville, NJ).

(i) Polytron homogenizer.—Brinkmann Instruments
(Westbury, NY).

Reagents

(a) Hydrochloric acid (HCl).—0.1 M.

(b) [3H]STX.—0.1 mCi/mL, #10 Ci/mmol, #90%
radiochemical purity (International Isotopes Clearinghouse,
Leawood, KS).

(c) STX diHCl.—FDA reference standard (Office of
Seafood, Laurel, MD) or National Research Council (NRC)
of Canada Institute of Marine Biosciences (Halifax, NS,
Canada).

(d) Assay buffer.—75 mM HEPES [4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid; Cat. No. H9136]/140 mM
NaCl, pH 7.5 (Sigma, St. Louis, MO).

(e) Liquid scintillation cocktail.—Optiphase (PerkinElmer
Life Sciences, Downers Grove, IL).

Preparation of Samples (0.1 M HCl Extraction)

Shellfish samples were shucked and homogenized
according to the AOAC mouse bioassay protocol (1). For the
HCl extraction method, 5.0 (±0.1) g of tissue homogenate was
transferred to a tared 15 mL conical polypropylene centrifuge
tube. A 5.0 mL volume of 0.1 M HCl was added, and the
sample was mixed on a Vortex mixer. The pH was checked to
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Figure 2. Standardized plate layout recommended for the microplate RBA for PSP toxins in shellfish extracts. U =
unknown sample.
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confirm it was between 3.0 and 4.0 in order to avoid
alkalinization and destruction of the toxin, and adjusted with
1 M HCl or 0.1 M NaOH as needed. Tubes were placed in a
beaker of boiling water on a hot plate for 5 min with the caps
loosened. Following removal from the boiling water bath,
samples were allowed to cool to room temperature, and the pH
was again confirmed to be between 3.0 and 4.0. The entire
contents were then transferred to a graduated cylinder, diluted
volumetrically to 10 mL, and centrifuged for 5 min at 1000 " g.
The supernatant was transferred to a clean tube.

Preparation of Samples (Acetic Acid Extraction Method)

In a 50 mL plastic centrifuge tube, 5.0 ± 0.1 g homogenate
was mixed with 3.0 mL 1% acetic acid on a vortex mixer.
Tubes were capped loosely to avoid pressure buildup and
placed in a boiling water bath for 5 min. Following removal
from the water bath, samples were cooled in a beaker of cold
water for 5 min, and then centrifuged for 10 min at 3000 " g.
The supernatant was transferred to a 15 mL graduated conical
test tube. A 3 mL amount of 1% acetic acid was added to the
original tube with solid residue, mixed well on a vortex mixer,
and centrifuged again for 10 min at 3000 " g. The second
supernatant was combined with the first and diluted to 10 mL
with water.

Preparation of Stock Solutions, Standards, and
Reagents for Assay

(a) Radioligand solution.—[3H]STX stock is provided in
50 !Ci ampules, 24 Ci/mmol, 0.1 mCi/mL (4.17 !M). A
15 nM working stock of [3H] STX was prepared fresh daily in
75 mM HEPES/140 mM NaCl (for 2.5 nM final in-well
concentration).

(b) STX standard curve.—FDA STX dihydrochloride
reference standard (100 !g/mL or 268.8 !M) used to prepare a
bulk standard curve made up in advance and stored at 4$C for
up to 1 month. The stock standard curve was made consisted
of eight concentrations of STX in 0.003 M HCl [6 " 10–6, 6 "
10–7, 1.8 " 10–7, 6 " 10–8, 1.8 " 10–8, 6 " 10–9, 6 " 10–10, 6 "

10–11, and 0.003 M only HCl (reference)], which when diluted
1:6 in the assay, resulted in a standard curve of
0.01 nM–1000 nM STX. The reference provided a measure of
total [3H]STX binding in the absence of unlabeled STX.

(c) Calibration standard (QC check).—A reference
standard containing 1.8 " 10–8 M STX standard (3.0 " 10–9 M
STX in assay) was prepared in 0.003 M hydrochloric acid,
aliquotted in 1 mL volumes, and stored at 4$C for routine use
(stable up to 1 month). On the day of the assay, 200 !L of each
standard were pipetted into mini-dilution tubes for ease of
pipetting into the microplate using an eight-channel pipettor.

(d) Rat brain membrane homogenate.—Cerebral
cortices from 6-week-old male Holzman rats (Harlan
Bioproducts, Indianapolis, IN) were homogenized on ice in a
glass/Teflon tissue homogenizer in 75 mM HEPES/140 mM
NaCl, pH 7.5, containing 0.1 mM PMSF
(phenylmethanesulfonylfluoride;12.5 mL/brain) at 385 rpm
for 10 strokes. Pooled homogenates were centrifuged at
20 000 " g for 15 min at 4$C and the pellet was resuspended in
HEPES buffer (12.5 mL/brain) and rehomogenized on ice
using a Polytron homogenizer set at 70% power for 20 s to
ensure a fine suspension. The brain homogenate was
aliquotted 2 mL/tube in cryovials and stored at –80$C. The
protein concentration of the brain homogenate was
determined using the Micro bicinchoninic acid (BCA) Assay
(Pierce, Rockford, IL). For each assay, an aliquot of brain
homogenate was thawed on ice and diluted with ice cold
75 nM HEPES/150 mM NaCl, pH 7.5, to yield a final protein
concentration of 0.5 mg/mL in the assay.
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Figure 3. Average of five calibration curves obtained
by one analyst in five independent assays on separate
days. IC50 = 2.23 ± 0.23 nM, slope = 0.96 ± 0.06, error
bars are ! SD.

Table 1. RBA measurements of calibration standards
for assay linearity assessment (nM STX; n = 5)

Nominal Mean SD RSD

1.5 1.7 0.16 10

3.0 3.0 0.52 17

6.0 6.0 0.34 6

Table 2. Recovery of analyte from spiked samples ("g
STX equiv./100 g)

Nominal Mean SD
Measured

RSDr Recovery, %

0 <dla

40 47 8.6 18.7 115

80 103.7 21.8 21 129

120 145.5 15.2 10.5 121

a <dl = Less than LOQ (5 !g STX equiv./100 g).
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Assay Procedure

(a) Plate setup and incubation.—A standardized plate
layout was used for all assays (Figure 2). All standards,
reference, QC check, and shellfish extracts were run in
triplicate wells. For shellfish extracts, a standardized dilution
series was run for each sample (1:10, 1:50, and 1:200), which
ensured that at least one dilution would fall on the linear part
of the competition curve for shellfish that contains between
approximately 5 and 1500 !g STX equiv./100 g. Reagents
were added in the following order: 35 !L STX standard or
sample, then 35 !L [3H]STX, followed by 140 !L brain
homogenate. The addition of brain homogenate was carried
out with sufficient force to ensure mixing of the well contents,
but without risk of splashing. The plate was then covered and
incubated at 4$C for 1 h.

(b) Assay filtration and counting.—The plate was filtered
using a microplate vacuum filtration manifold, and each well
rinsed twice with 200 !L ice-cold HEPES buffer at a filtration
rate that ensured all wells were dry within 2–5 s. The
microplate was then placed in a microplate scintillation
counter cassette, and the bottom was sealed with plate sealing
tape. Lastly, 50 !L scintillation cocktail was added to each
well, and the top of the plate was sealed with sealing tape. The
plate was allowed to sit for 30 min to ensure impregnation of
the filters with scintillant prior to counting for 1 min/well in
the microplate scintillation counter.

Data Analysis

Curve fitting was performed using a four-parameter
logistic curve fitting model for a one-site receptor binding
using Wallac Multicalc software. The software reports the
in-well sample concentration in nM equiv. STX. Sample
concentration was then calculated in !g STX equialents/100 g
shellfish using the following formulas:

% & % &
% &

nM equiv. STX sample dilution
L total volume

3
" "

210 !

5 L sample

nM equiv. STX

!

' in extract

% &nm equiv. STX in extract
L

1000 mL

ng

nmol
" " "

1 372 1 !g

ng

g

1000

' ! STX equiv./mL

!g STX equiv./mL
mL extract

g shellfish extracted
" "100

g STX equiv./100 g shellfish' !

Critical Control Points

(1) For a ligand that interacts specifically at one receptor
site, the slope of the resulting competition curve should
theoretically be 1.0. If the slope of the curve for a given assay
is outside of the acceptable range of 0.8–1.2, linearity of the
assay will be compromised, and quantification of the
unknowns will be incorrect. Therefore, the assay should be
re-run.

(2) The QC check standard should fall within ±30% of the
stated value (3.0 nM). If the QC check standard does not fall
within acceptable limits, the assay should be re-run.

VAN DOLAH ET AL.: JOURNAL OF AOAC INTERNATIONAL VOL. 92, NO. 6, 2009 1709

Table 3. Comparison of receptor binding assay (RBA;
n = 5) with AOAC mouse bioassay (MBA) of naturally
contaminated shellfish ("g STX equiv./100 g)

Sample MBA RBA mean SD RSD

LP1 340 438 74 17

LP2 534 715 96 13

LP3 1158 1533 329 21

LP4 65 91 7 9

LP5 350 608 150 25

LP6 462 518 114 22

Figure 4. Linear correlation analysis between the RBA
and mouse bioassay. (a) Average values of six naturally
contaminated samples analyzed on five independent
RBA assay days (r2 = 0.98, slope = 1.29). (b) A separate
study of 110 shellfish extracts analyzed by RBA and
MBA yielded an r2 of 0.88 with a slope of 1.32.
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(3) Sample quantification should be done only on
dilutions that on the linear part of the curve [b/bo = 0.2–0.7,
where B is the bound counts/min (CPM) in the sample and Bo

is the maximum CPM)]. The RSD of the CPM must be <30%.

(4) For a given sample, if none of the sample dilutions
falls within the linear range (i.e., the concentration is too high,
b/bo < 0.2), further dilutions must be made and the sample
reanalyzed if a quantitative value is desired. If the sample
concentration is too low to be quantified (i.e., b/bo > 0.7) at
sample dilution 1:10, the sample must be reported as below
the LOQ.

Mouse Bioassay and HPLC Procedures

Shellfish samples extracted in parallel using the HCl and
acetic acid extraction methods described above were analyzed
using the standard protocols prescribed by the AOAC
methods for mouse bioassay (1) or precolumn oxidation
HPLC method (2).

Results and Discussion

Calibration Curve

To establish the dynamic range and repeatability of the
calibration curve, five assays were performed by one analyst
on separate days. The composite curve (Figure 3) resulted in a
half-maximal inhibition (IC50) of 2.3 nM STX ± 0.3 (RSD =
10.8%) with a slope of 0.96 ± 0.06 (RSD = 6.3%). Using the
linear part of the curve (0.2–0.7 b/b0) for quantification, a
dynamic range of approximately one order of magnitude,
1.2–10.0 nM STX, was observed, as expected for a one-site
binding assay. A QC check sample (3.0 nM STX) run in each
assay averaged 3.0 ± 0.5 nM (RSDr = 17.3%), with a recovery
of 99.3%.

LOQ

Shellfish extracts were diluted a minimum of 10-fold prior
to analysis to minimize matrix effects that can result in false
positives. The LOQ was empirically determined as the

concentration, in a 10-fold diluted sample, that results in a b/bo

of 0.7. This is a more conservative cutoff than the 0.8 b/bo

frequently used in receptor assays and was used because
quantification was unacceptably variable above this b/bo

cutoff. This results in an LOQ of approximately 5 !g equiv.
STX/100 g shellfish, which provides a more than one order of
magnitude margin relative to the regulatory limit of
80 !g/100 g.

Linearity

Linearity was assessed by five independent assays of three
calibration standards that were expected to fall on the curve
between 0.2 and 0.7 b/bo: 1.5, 3.0, and 6.0 nM STX prepared
from FDA STX diHCl standard. Expected and measured
values are listed in Table 1. Linear regression yielded a slope
of 0.98 and an r2 of 0.97.
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Table 4. RBA-determined toxicities of nine naturally contaminated shellfish homogenates extracted using the 0.1 M
HCl extraction method or the 1% acetic acid extraction method ("g STX equiv./100 g)

HCl Acetic acid

Sample Mean SD RSD Mean SD RSD

1 11 4 36 19 7 39

2 600 143 24 488 104 21

3 690 142 21 584 167 29

4 136 8 6 131 41 31

5 152 27 18 167 21 13

6 302 87 29 270 72 27

7 340 88 26 264 63 24

8 262 79 30 252 48 19

9 63 26 41 54 19 34

Figure 5. Linear correlation between HCl and acetic
acid (HOAc) extracts analyzed by RBA. Results are
average values of nine naturally contaminated samples
obtained from four independent assays (r2 = 0.99,
slope = 1.23).
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Recovery

Mussel tissue homogenates obtained from a local market
were spiked with FDA STX diHCl standard at four levels
bracketing the regulatory limit (0, 40, 80, and 120 !g/100 g)
followed by thorough homogenization using a Polytron
blender. Aliquots of spiked homogenate were stored at –80$C
until extraction in 0.1 M HCl according to the protocol in the
Experimental section. Extracts were analyzed in five assays
performed on independent days. The mean recovery was
121% (Table 2).

Comparison of RBA-Reported Toxicity with the
AOAC Mouse Bioassay

Six naturally contaminated shellfish samples were
extracted in 0.1 M HCl according to the protocol in the
Experimental section, and analyzed in five assays on

independent days (Table 3). Three shellfish species were
represented: clam Mya arenaria (whole) LP1, LP4; mussel
Mytilus edulis (whole) LP2, LP3; and scallop Plactopecten
magellanicus (viscera) LP5, LP6. Between-assay RSDs
ranged from 9 to 25% (mean 17.7%). An r2 of 0.98 was
obtained relative to the mouse bioassay, with a slope of 1.29
(Figure 4a).

A separate study of 110 naturally contaminated shellfish
samples, extracted using the 0.1 M HCl method, and analyzed
by RBA and mouse bioassay, yielded similar results with an r2

of 0.88 and a slope of 1.32 (Figure 4b).

Effect of Extraction Method on RBA-Reported
Toxicities

The recent approval of the precolumn oxidation HPLC
method for PSP toxins as AOAC Official Method 2005.06 (3)
and its potential recognition as a reference method for PSP
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Table 5. HPLC analysis of nine naturally contaminated samples (1–9) extracted using 0.1 M HCla

Sample STX NEOb GTX1,4c GTX2,3 B1 C1,2 Total PSP
As STX

equivalent

HCl-1 3.5 0.0 0.0 7.3 0.0 0.0 10.8 6

HCl-2 231.6 23.9 42.6 324.5 28.3 249.7 900.4 412

HCl-3 220.8 53.7 74.9 436.3 43.4 338.1 1167.2 494

HCl-4 48.3 2.7 8.6 85.1 10.7 17.1 172.5 90

HCl-5 86.5 1.1 0.0 64.7 14.9 11.3 178.5 113

HCl-6 114.5 0.0 0.0 166.6 15.1 36.8 333.0 180

HCl-7 96.4 10.1 72.9 398.7 9.3 36.1 623.5 304

HCl-8 84.6 6.0 32.8 225.7 4.9 18.5 372.5 197

HCl-9 11.2 0.0 6.1 47.9 0.0 0.0 65.2 33

a Values are in !g/100 g, as specific PSP congener or its STX equivalents, as indicated by the column headers.
b NEO = Neosaxitoxin.
c GTX = Gonyautoxin.

Table 6. HPLC analysis of the same nine naturally contaminated samples (1–9) extracted using 1% acetic acida

Sample STX NEO GTX1,4 GTX2,3 B1 C1,2 Total PSP
As STX

equivalent

HOAc-1 3.4 0.0 0.0 7.3 0.0 0.0 10.7 6

HOAc-2 187.6 13.1 21.7 280.7 25.1 248.9 777.1 329

HOAc-3 175.2 35.6 79.2 335.9 37.2 237.7 900.9 393

HOAc-4 33.4 3.1 11.3 61.8 6.0 15.5 131.1 68

HOAc-5 59.3 3.1 0.0 67.6 10.8 19.3 160.0 89

HOAc-6 100.8 0.0 0.0 158.0 11.8 28.4 299.0 162

HOAc-7 67.4 11.2 42.7 228.4 5.2 15.6 370.5 192

HOAc-8 71.0 8.3 34.4 190.3 4.3 12.6 320.8 173

HOAc-9 11.2 0.0 11.7 38.1 0.0 61.0 122.1 33

a Values are in !g/100 g, as specific PSP congener or its STX equivalents, as indicated by the column headers.
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toxins prompted an investigation of the effects of extraction

method on toxicity values reported by the RBA. Whereas the

AOAC mouse bioassay prescribes shellfish extraction in

0.1 M HCl, the HPLC method uses extraction in 1% acetic

acid. The 0.1 M HCl extraction procedure is known to result in

the partial conversion of certain low-toxicity sulfocarbamoyl

congeners to more highly toxic congeners in shellfish extracts,

especially gonyautoxins, GTX5 and GTX6, to STX and

neoSTX, and, thus, may result in somewhat higher toxicity

values. To assess the effects of extraction procedure on

RBA-reported toxicity, nine naturally contaminated shellfish

samples (six blue mussel and three scallop) were

homogenized and extracted independently using 0.1 M HCl

and 1% acetic acid as described in the Experimental section.

PSP toxicity in the extracts was then determined in four RBA

assays run on independent days (Table 4). The between-assay

RSD did not differ for samples prepared using the two

extraction methods (25.8 and 26.3%, respectively). In general,

the HCl extraction method resulted in slightly higher total

toxicity values than reported for the acetic acid extracts (slope

1.23, r2 = 0.99; Figure 5). The higher values reported for the

HCl extracts are not explained by the conversion of

sulfocarbamoyl toxins to more potent congeners in the HCl

extracts, as can be seen in the toxin profiles determined by

HPLC (Tables 5 and 6). Rather, the recovery of most

congeners appears to be higher in the HCl extract. The higher

concentrations reported in the HCl extract may reflect

differences in the method by which volume is adjusted in the

two extraction procedures. In the HCl method, final extract

volume adjustment is made with the shellfish matrix present.

In the acetic acid extraction, the matrix is first removed, the

pellet re-extracted, the two extracts pooled, and then the final

volume adjusted. HPLC analysis of the same samples showed

a similar relationship between values reported for the HCl and

acetic acid extracts (slope = 1.16, r2 = 0.97; Figure 6) as seen

in the RBA, with the HCl extracts containing greater STX

equivalent/100 g.

Comparison of RBA with HPLC

The RBA showed good linear correlation with HPLC
analysis of both HCl (r2 = 0.98, slope = 1.39) and acetic acid
(r2 = 0.99, slope = 1.32) extracts, in both cases giving
somewhat higher toxicities than the HPLC method (Figure 7).
A number of factors may contribute to the difference in results
for total toxic potencies by these two methods. The higher
toxicity values given by the RBA may result in part from the
fact that the HPLC method uses the STX free base molecular
weight (300 Da), whereas the receptor assay (and mouse
bioassay) uses the STX dihydrochloride molecular weight
(372 Da) to calculate concentration, which would result in
approximately 20% higher values in the RBA. Additional
differences may result from the use of FDA as compared to
the NRC saxitoxin standards in the RBA and HPLC methods,
respectively. Higher RBA results may also result from the
dominance of the more potent PSP congeners over the weaker
congeners in mixtures competing for binding to the receptor,
as detailed in ref. 13, which reflects their binding affinities. In
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Figure 6. Linear correlation between HCl and acetic
acid (HOAc) extracts analyzed by HPLC (slope = 1.16,
r2 = 0.97).

Figure 7. Linear correlation between RBA and HPLC
for samples extracted (a) by the HCl method (r2 = 0.98,
slope = 1.39) and (b) by the acetic acid method (r2 =
0.99, slope = 1.32).
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contrast to this complex behavior, the HPLC method adds
linearly the concentrations of each congener based on toxic
potencies determined by mouse bioassay for isolated
congeners. In some cases, e.g., 11-hydroxysulfate epimers,
the concentrations of separate epimers pairs are not resolved
by HPLC, although their potencies differ widely as do their
ratios in shellfish samples. Lastly, higher toxicity values
reported by the RBA may reflect the presence of congeners or
metabolites not reported by the HPLC method.

Ruggedness

Although formal ruggedness testing was not carried out
during this SLV study, several steps in the procedure might be
noted that can affect the precision and accuracy of the results.
First, it is important to clarify shellfish extracts by
centrifugation prior to running the assay, particularly if
extracts are stored refrigerated or frozen before analysis, as
precipitates in the extract may cause nonspecific binding that
may result in overestimates of PSP toxin concentrations.
Second, since the rat brain homogenate is a suspension, it is
important to ensure that it remains evenly suspended by
frequent vortex mixing or pipetting prior to and during its
addition to the plate. The rate of assay plate filtration should
ensure that the wells clear in 2–5 s, and the rinse buffer should
be ice cold in order to minimize the rate of toxin release from
the receptor. Lastly, following addition of liquid scintillant to
the microplate wells, it is essential to allow a minimum of
30 min for the scintillant to penetrate the filters before
counting. Counting prematurely can result in increased
variability between wells and lower counts/well, thus
increasing RSD. A count time of 1 min/well was chosen for
this study as a compromise between optimum RSD and assay
throughput. Increasing the count time to 5 min/well has been
shown to improve the between-well RSD in this assay when
using the Packard Top Count scintillation counter, a single
detector instrument with somewhat lower efficiency than the
Wallac Microbeta used in the current study (11).

Summary

This SLV and method comparison study demonstrates
excellent linear correlation (r2 > 0.98) between the microplate
receptor binding assay and both the mouse bioassay and the
precolumn oxidation HPLC method for the determination of
PSP toxins in shellfish. The microplate format of the assay,
when coupled with microplate scintillation counting, provides
a quantitative high throughput screening tool for PSP toxin
testing in shellfish. The tendency of the RBA to overestimate
PSP toxicity relative to the reference methods minimizes the
chance of returning false negatives. Where RBA-measured

toxicity results in STX equivalent values close to the
regulatory limit, confirmation with a reference method is
necessary if a regulatory decision is being made. Nonetheless,
application of the assay as a high throughput screen can
alleviate the unnecessarily large numbers of animals used for
the mouse bioassay on negative samples and, similarly,
alleviate the lengthy analysis of samples by HPLC at very
high or very low concentrations. We propose that this method
be collaboratively tested to establish if it is robust enough to
be used in monitoring and regulatory laboratories.
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'HWHUPLQDWLRQ�RI�3DUDO\WLF�6KHOO¿VK�7R[LQV�LQ�6KHOO¿VK�E\�
5HFHSWRU�%LQGLQJ�$VVD\��&ROODERUDWLYH�6WXG\
)5$1&(6�0��9$1�'2/$+��63(1&(5�(��),5(��72'�$��/(,*+),(/'��&+5,67,1$�0��0,.8/6.,��DQG�*5(*25<�-��'28&(77(
&HQWHU�IRU�&RDVWDO�(QYLURQPHQWDO�+HDOWK�DQG�%LRPROHFXODU�5HVHDUFK��12$$�0DULQH�%LRWR[LQV�3URJUDP������)RUW�-RKQVRQ�5G��
&KDUOHVWRQ��6&�������

&ROODERUDWRUV��c��$QGHUVVRQ��/��%HDQ��'��&RXWXUH��6��'H*UDVVH��$��'H/HRQ��9��'HOO¶2YR��/��)OHZHOOLQJ��3��+ROODQG��*��/DQJORLV��
5��/HZLV��0��0DVXGD��3��0F1DEE��&��0LNXOVNL��%��1LHG]ZLDGHN��%��3RUQWHSNDVHPVDQ��'��5DZQ��(��6RPEULWR��.��6ULVXNVDZDG��
%��6XDUH]��6��6XEVLQVHUP��$��7XEDUR

6XEPLWWHG�IRU�SXEOLFDWLRQ�'HFHPEHU���������
7KH�UHFRPPHQGDWLRQ�ZDV�DSSURYHG�E\�WKH�0HWKRG�&RPPLWWHH�RQ�

3DUDO\WLF�6KHOO¿VK�7R[LQV�DV�)LUVW�$FWLRQ��6HH�³0HWKRGV�1HZV�´��������
,QVLGH�/DERUDWRU\�0DQDJHPHQW��-DQXDU\�)HEUXDU\�LVVXH�
7KLV�SXEOLFDWLRQ�GRHV�QRW�FRQVWLWXWH�DQ�HQGRUVHPHQW�RI�DQ\�

FRPPHUFLDO�SURGXFW�RU�LQWHQG�WR�EH�DQ�RSLQLRQ�EH\RQG�VFLHQWL¿F�
RU�RWKHU�UHVXOWV�REWDLQHG�E\�WKH�1DWLRQDO�2FHDQLF�DQG�$WPRVSKHULF�
$GPLQLVWUDWLRQ��12$$���1R�UHIHUHQFH�VKDOO�EH�PDGH�WR�12$$��
RU�WKLV�SXEOLFDWLRQ�IXUQLVKHG�E\�12$$��WR�DQ\�DGYHUWLVLQJ�RU�
VDOHV�SURPRWLRQ�ZKLFK�ZRXOG�LQGLFDWH�RU�LPSO\�WKDW�12$$�
UHFRPPHQGV�RU�HQGRUVHV�DQ\�SURSULHWDU\�SURGXFW�PHQWLRQHG�KHUHLQ��
RU�ZKLFK�KDV�DV�LWV�SXUSRVH�DQ�LQWHUHVW�WR�FDXVH�WKH�DGYHUWLVHG�
SURGXFW�WR�EH�XVHG�RU�SXUFKDVHG�EHFDXVH�RI�WKLV�SXEOLFDWLRQ�
&RUUHVSRQGLQJ�DXWKRU¶V�H�PDLO��)UDQ�YDQGRODK#QRDD�JRY
'2,����������MDRDFLQW�&6����B��

)22'�&+(0,&$/�&217$0,1$176

$�FROODERUDWLYH�VWXG\�ZDV�FRQGXFWHG�RQ�D�PLFURSODWH�
IRUPDW�UHFHSWRU�ELQGLQJ�DVVD\��5%$��IRU�SDUDO\WLF�
VKHOO¿VK�WR[LQV��367���7KH�DVVD\�TXDQWL¿HV�WKH�
FRPSRVLWH�367�WR[LFLW\�LQ�VKHOO¿VK�VDPSOHV�EDVHG�
RQ�WKH�DELOLW\�RI�VDPSOH�H[WUDFWV�WR�FRPSHWH�ZLWK�
�+�VD[LWR[LQ��67;��GL+&O�IRU�ELQGLQJ�WR�YROWDJH�
JDWHG�VRGLXP�FKDQQHOV�LQ�D�UDW�EUDLQ�PHPEUDQH�
SUHSDUDWLRQ��4XDQWL¿FDWLRQ�RI�ELQGLQJ�FDQ�EH�
FDUULHG�RXW�XVLQJ�HLWKHU�D�PLFURSODWH�RU�WUDGLWLRQDO�
VFLQWLOODWLRQ�FRXQWHU��ERWK�HQG�SRLQWV�ZHUH�LQFOXGHG�
LQ�WKLV�VWXG\��1LQH�ODERUDWRULHV�IURP�VL[�FRXQWULHV�
FRPSOHWHG�WKH�VWXG\��2QH�ODERUDWRU\�DQDO\]HG�WKH�
VDPSOHV�XVLQJ�WKH�SUHFROXPQ�R[LGDWLRQ�+3/&�
PHWKRG��$2$&�0HWKRG����������WR�GHWHUPLQH�WKH�
67;�FRQJHQHU�FRPSRVLWLRQ��7KUHH�ODERUDWRULHV�
SHUIRUPHG�WKH�PRXVH�ELRDVVD\��$2$&�0HWKRG�
���������7KH�VWXG\�IRFXVHG�RQ�WKH�DELOLW\�RI�WKH�DVVD\�
WR�PHDVXUH�WKH�367�WR[LFLW\�RI�VDPSOHV�EHORZ��QHDU��
RU�VOLJKWO\�DERYH�WKH�UHJXODWRU\�OLPLW�RI�������J�67;�
GL+&O�HTXLY��NJ���$�WRWDO�RI����VKHOO¿VK�KRPRJHQDWHV�
ZHUH�H[WUDFWHG�LQ�����0�+&O��DQG�WKH�H[WUDFWV�ZHUH�
DQDO\]HG�E\�5%$�LQ�WKUHH�DVVD\V�RQ�VHSDUDWH�GD\V��
6DPSOHV�LQFOXGHG�QDWXUDOO\�FRQWDPLQDWHG�VKHOO¿VK�
VDPSOHV�RI�GLIIHUHQW�VSHFLHV�FROOHFWHG�IURP�VHYHUDO�
JHRJUDSKLF�UHJLRQV��ZKLFK�FRQWDLQHG�YDU\LQJ�67;�
FRQJHQHU�SUR¿OHV�GXH�WR�WKHLU�H[SRVXUH�WR�GLIIHUHQW�
367�SURGXFLQJ�GLQRÀDJHOODWH�VSHFLHV�RU�GLIIHUHQFHV�
LQ�WR[LQ�PHWDEROLVP��EOXH�PXVVHO��0\WLOXV�HGXOLV��
IURP�WKH�8�6��HDVW�DQG�ZHVW�FRDVWV��&DOLIRUQLD�
PXVVHO��0\WLOXV�FDOLIRUQLDQXV��IURP�WKH�8�6��ZHVW�
FRDVW��FKRULWR�PXVVHO��0\WLOXV�FKLOLHQVLV��IURP�&KLOH��
JUHHQ�PXVVHO��3HUQD�FDQDOLFXOXV��IURP�1HZ�=HDODQG��

$WODQWLF�VXUI�FODP��6SLVXOD�VROLGLVVLPD��IURP�WKH�8�6��
HDVW�FRDVW��EXWWHU�FODP��6D[LGRPXV�JLJDQWHD��IURP�
WKH�ZHVW�FRDVW�RI�WKH�8QLWHG�6WDWHV��DOPHMD�FODP�
�9HQXV�DQWLTXD��IURP�&KLOH��DQG�$WODQWLF�VHD�VFDOORS�
�3ODFWRSHFWHQ�PDJHOODQLFXV��IURP�WKH�8�6��HDVW�
FRDVW��$OO�VDPSOHV�ZHUH�SURYLGHG�DV�ZKROH�DQLPDO�
KRPRJHQDWHV��H[FHSW�$WODQWLF�VHD�VFDOORS�DQG�JUHHQ�
PXVVHO��IURP�ZKLFK�RQO\�WKH�KHSDWRSDQFUHDV�ZDV�
KRPRJHQL]HG��$PRQJ�WKH�QDWXUDOO\�FRQWDPLQDWHG�
VDPSOHV��¿YH�ZHUH�EOLQG�GXSOLFDWHV�XVHG�IRU�
FDOFXODWLRQ�RI�56'U��7KH�LQWHUODERUDWRU\�56'5�RI�
WKH�DVVD\�IRU����VDPSOHV�WHVWHG�LQ�QLQH�ODERUDWRULHV�
ZDV��������\LHOGLQJ�D�+RU5DW�YDOXH�RI������5HPRYDO�
RI�UHVXOWV�IRU�RQH�ODERUDWRU\�WKDW�UHSRUWHG�
V\VWHPDWLFDOO\�ORZ�YDOXHV�UHVXOWHG�LQ�DQ�DYHUDJH�
56'5�RI�������DQG�DYHUDJH�+RU5DW�YDOXH�RI������
,QWUDODERUDWRU\�56'U��EDVHG�RQ�¿YH�EOLQG�GXSOLFDWH�
VDPSOHV�WHVWHG�LQ�VHSDUDWH�DVVD\V��ZDV��������56'U�
REWDLQHG�E\�LQGLYLGXDO�ODERUDWRULHV�UDQJHG�IURP�
�����WR��������/DERUDWRULHV�WKDW�DUH�URXWLQH�XVHUV�RI�
WKH�DVVD\�SHUIRUPHG�EHWWHU�WKDQ�QRQURXWLQH�XVHUV��
ZLWK�DQ�DYHUDJH�56'U�RI��������5HFRYHU\�RI�67;�
IURP�VSLNHG�VKHOO¿VK�KRPRJHQDWHV�ZDV�����±�������
&RUUHODWLRQ�ZLWK�WKH�PRXVH�ELRDVVD\�\LHOGHG�D�VORSH�
RI������DQG�FRUUHODWLRQ�FRHI¿FLHQW��U���RI�������ZKLOH�
FRUUHODWLRQ�ZLWK�WKH�SUHFROXPQ�R[LGDWLRQ�+3/&�
PHWKRG�\LHOGHG�D�VORSH�RI������DQG�DQ�U��RI�������
:KHQ�VDPSOHV�ZHUH�VRUWHG�DFFRUGLQJ�WR�LQFUHDVLQJ�
WR[LQ�FRQFHQWUDWLRQ���J�67;�GL+&O�HTXLY��NJ��DV�
DVVHVVHG�E\�WKH�PRXVH�ELRDVVD\��WKH�5%$�UHWXUQHG�
QR�IDOVH�QHJDWLYHV�UHODWLYH�WR�WKH������J�67;�GL+&O�
HTXLY��NJ�UHJXODWRU\�OLPLW�IRU�VKHOO¿VK��&XUUHQWO\��QR�
YDOLGDWHG�PHWKRGV�RWKHU�WKDQ�WKH�PRXVH�ELRDVVD\�
GLUHFWO\�PHDVXUH�D�FRPSRVLWH�WR[LF�SRWHQF\�IRU�367�
LQ�VKHOO¿VK��7KH�UHVXOWV�RI�WKLV�LQWHUODERUDWRU\�VWXG\�
GHPRQVWUDWH�WKDW�WKH�5%$�LV�VXLWDEOH�IRU�WKH�URXWLQH�
GHWHUPLQDWLRQ�RI�367�LQ�VKHOO¿VK�LQ�DSSURSULDWHO\�
HTXLSSHG�ODERUDWRULHV�

3DUDO\WLF� VKHOO¿VK� SRLVRQLQJ� �363�� LV� FDXVHG� E\� D� VXLWH�
RI� KHWHURF\FOLF� JXDQLGLQLXP� WR[LQV� FROOHFWLYHO\� FDOOHG�
VD[LWR[LQV� �67;V��� &XUUHQWO\� PRUH� WKDQ� ��� FRQJHQHUV�

RI� 67;� DUH� NQRZQ�� WKH\� RFFXU� LQ� YDU\LQJ� SURSRUWLRQV� LQ�
WKH� GLQRÀDJHOODWHV� WKDW� SURGXFH� WKHP� DQG� PD\� EH� IXUWKHU�
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PHWDEROL]HG� LQ� VKHOO¿VK� WKDW� DFFXPXODWH� WKHP�� PDNLQJ�
DQDO\WLFDO� GHWHUPLQDWLRQ�RI� SDUDO\WLF� VKHOO¿VK� WR[LQV� �367�� LQ�
VKHOO¿VK� FRPSOH[�� 7KH� ORQJ�VWDQGLQJ� UHJXODWRU\� PHWKRG� IRU�
367�LV�WKH�$2$&�PRXVH�ELRDVVD\�����$2$&�0HWKRG����������
ZLWK�D�UHJXODWRU\�OLPLW�RI������J�67;�GL�+&O�HTXLY��NJ�VKHOO¿VK�
JHQHUDOO\� DSSOLHG�� EXW� HVWDEOLVKHG� DW� ���� �J� 67;� GL+&O�
HTXLY��NJ�LQ�FHUWDLQ�FRXQWULHV��H�J���WKH�3KLOLSSLQHV���+RZHYHU��
DW�FRQFHQWUDWLRQV�QHDU�WKH�UHJXODWRU\�OLPLW��WKH�PRXVH�ELRDVVD\�
FDQ� VLJQL¿FDQWO\� XQGHUHVWLPDWH� 367� LQ� VKHOO¿VK� ����� 7KLV�� LQ�
DGGLWLRQ�WR�LQFUHDVLQJ�UHVLVWDQFH�WR�OLYH�DQLPDO�WHVWLQJ�LQ�ERWK�
WKH�8QLWHG�6WDWHV�DQG�WKH�(XURSHDQ�8QLRQ��(8���KDV�LQFUHDVHG�
WKH� QHHG� WR� GHYHORS� DOWHUQDWLYH�PHWKRGV� VXLWDEOH� IRU� XVH� LQ� D�
KLJK�WKURXJKSXW�PRQLWRULQJ�RU�UHJXODWRU\�VHWWLQJ��
,Q�WKH�SDVW�GHFDGH��VHYHUDO�DOWHUQDWLYHV�WR�WKH�PRXVH�ELRDVVD\�

KDYH�EHHQ�GHYHORSHG�� ,Q� WKH�(8�� WKH�PRXVH�ELRDVVD\�UHPDLQV�
WKH� UHIHUHQFH� PHWKRG� IRU� 367� LQ� VKHOO¿VK�� EXW� (XURSHDQ�
&RPPLVVLRQ� �(&�� 5HJXODWLRQ� ���������� VSHFL¿HV� WKDW� RWKHU�
LQWHUQDWLRQDOO\� UHFRJQL]HG�PHWKRGV�PD\� EH� XVHG��7ZR�+3/&�
PHWKRGV��D�SUHFROXPQ�R[LGDWLRQ�PHWKRG��������$2$&�0HWKRG�
���������DQG�D�SRVWFROXPQ�R[LGDWLRQ�PHWKRG�����$2$&�0HWKRG�
����������KDYH�EHHQ�DSSURYHG�E\�$2$&�DV�2I¿FLDO�0HWKRGV60�

IRU� 363� WR[LQ� DQDO\VLV�� 7KH� (&� GLUHFWLYH� UHFRJQL]HV� WKH�
SUHFROXPQ�R[LGDWLRQ�+3/&�PHWKRG��$2$&�0HWKRG����������
DV�DQ�DOWHUQDWLYH�WR�WKH�PRXVH�ELRDVVD\��EXW�UHWDLQV�WKH�PRXVH�
ELRDVVD\�DV�WKH�UHIHUHQFH�PHWKRG�LQ�LQVWDQFHV�ZKHUH�UHVXOWV�DUH�
FKDOOHQJHG�� +3/&� PHWKRGV� VHSDUDWH� DQG� TXDQWLI\� LQGLYLGXDO�

67;�FRQJHQHUV��ZKLFK�DUH�WKHQ�UHFRPELQHG�DFFRUGLQJ�WR�WKHLU�
WR[LF� HTXLYDOHQFLHV� WR� \LHOG� D� FRPSRVLWH� 367� WR[LFLW\� YDOXH��
$OWKRXJK� WKH� +3/&� PHWKRGV� SHUIRUP� ZHOO� TXDQWLWDWLYHO\�� D�
KLJK�WKURXJKSXW� VFUHHQLQJ�PHWKRG� FDSDEOH� RI� UHSRUWLQJ� WR[LF�
SRWHQF\�GLUHFWO\�LV�VWLOO�GHVLUDEOH�IRU�PRQLWRULQJ�SURJUDPV�WKDW�
RIWHQ�VFUHHQ� ODUJH�QXPEHUV�RI�QHJDWLYH�VDPSOHV��$�TXDOLWDWLYH�
ODWHUDO� ÀRZ� DQWLERG\� WHVW� IRU� 367� ZLWK� D� UHSRUWHG� GHWHFWLRQ�
OLPLW�RI������J�67;�HTXLY��NJ�ZDV�GHYHORSHG�E\�-HOOHWW�5DSLG�
7HVWLQJ�/WG��&KHVWHU�%DVLQ��16��&DQDGD��DQG�DSSURYHG�E\�WKH�
8�6�� ,QWHUVWDWH� 6KHOO¿VK� 6DQLWDWLRQ� &RQIHUHQFH� DQG� WKH� 8�6��
)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ�DV�D�VFUHHQLQJ�PHWKRG�LQ�VSHFL¿F�
FLUFXPVWDQFHV�� 7KLV�PHWKRG� SHUIRUPHG�ZHOO� LQ� D� FRPSDULVRQ�
VWXG\�ZLWK�WKH�PRXVH�ELRDVVD\������EXW�LV�QRW�IXOO\�TXDQWLWDWLYH�
DQG�KDV�QRW�EHHQ�VXEMHFWHG�WR�D�IXOO�$2$&�FROODERUDWLYH�WULDO��
7R�GDWH��D�VXLWDEOH�TXDQWLWDWLYH��KLJK�WKURXJKSXW�DOWHUQDWLYH�WR�
WKH�PRXVH�ELRDVVD\�KDV�QRW�EHHQ�YDOLGDWHG�WKURXJK�WKH�$2$&�
2I¿FLDO�0HWKRGV�3URJUDP��7KH�UHFHSWRU�ELQGLQJ�DVVD\��5%$��
IRU�367�LV�DQ�H[FHOOHQW�FDQGLGDWH�IRU�IXO¿OOLQJ�WKH�UHTXLUHPHQWV�
RI�D�KLJK�WKURXJKSXW��TXDQWLWDWLYH�DVVD\�WKDW�GLUHFWO\�UHSRUWV�D�
FRPSRVLWH�WR[LF�SRWHQF\�
7KH�EDVLV�RI� WKH�5%$�LV� WKH� LQWHUDFWLRQ�EHWZHHQ� WKH� WR[LQV�

DQG� WKHLU� SKDUPDFRORJLFDO� WDUJHW��$OO� 67;� FRQJHQHUV� ELQG� WR�
VLWH���RQ�WKH�DOSKD�VXEXQLW�RI�WKH�YROWDJH�JDWHG�VRGLXP�FKDQQHO�
ZLWK�ELQGLQJ�DI¿QLWLHV�SURSRUWLRQDO� WR� WKHLU� WR[LF�SRWHQF\� �����
7KHUHIRUH�� DQ� 5%$� FDQ� TXDQWLWDWLYHO\�PHDVXUH� WKH� FRPELQHG�
WR[LF� SRWHQF\� RI� PL[WXUHV� RI� 67;� FRQJHQHUV� LQ� D� VDPSOH��

7DEOH� ��� 6KHOO¿VK�KRPRJHQDWH�VDPSOHV�DQDO\]HG�IRU�367V�LQ�WKH�FROODERUDWLYH�VWXG\D

6DPSOH�1R� 6DPSOH�,' 6KHOO¿VK�VSHFLHV�DQG�RULJLQ %OLQG�GXSOLFDWH

� 0/9�� $WODQWLF�VHD�VFDOORS��3ODFWRSHFWHQ�PDJHOODQLFXV��IURP�WKH�8�6��HDVW�FRDVW [

� 0/9�� &DOLIRUQLD�PXVVHO��0\WLOXV�FDOLIRUQLDQXV��IURP�WKH�8�6��ZHVW�FRDVW [

� 0/9�� *UHHQ�PXVVHO��3HUQD�FDQDOLFXOXV��IURP�1HZ�=HDODQG

� 0/9�� %OXH�PXVVHO��0��HGXOLV��IURP�WKH�8�6��ZHVW�FRDVW� [

� 0/9�� %OXH�PXVVHO��0��HGXOLV��HDVW�FRDVW�8�6���VSLNHG�ZLWK������J�NJ�67;�GL+&O

� 0/9�� %OXH�PXVVHO��0��HGXOLV��HDVW�FRDVW�8�6���VSLNHG�ZLWK�������J�NJ�67;�GL+&O

� 0/9�� $OPHMD�FODP��9HQXV�DQWLTXH��IURP�&KLOH

� 0/9�� 6XUI�FODP��6SLVXOD�VROLGLVVLPD��IURP�WKH�8�6��HDVW�FRDVW

� 0/9�� &KRULWR�PXVVHO��0��FKLOLHQVLV��IURP�&KLOH

�� 0/9�� 6FDOORS��3ODFWRSHFWHQ�PDJHOODQLFXV��IURP�WKH�8�6��HDVW�FRDVW

�� 0/9�� %OXH�PXVVHO��0��HGXOLV��HDVW�FRDVW�8�6�� [

�� 0/9�� %OXH�PXVVHO��0��HGXOLV��IURP�WKH�8�6��ZHVW�FRDVW [

�� 0/9�� $OPHMD�FODP��9HQXV�DQWLTXH��IURP�&KLOH�FODP [

�� 0/9�� %OXH�PXVVHO��0��HGXOLV��HDVW�FRDVW�8�6���VSLNHG�ZLWK������J�NJ�67;�GL+&O

�� 0/9�� &KRULWR�PXVVHO��0��FKLOLHQVLV��IURP�&KLOH

�� 0/9�� $WODQWLF�VHD�VFDOORS��3ODFWRSHFWHQ�PDJHOODQLFXV��IURP�WKH�8�6��HDVW�FRDVW [

�� 0/9�� &DOLIRUQLD�PXVVHO��0��FDOLIRUQLDQXV��IURP�WKH�8�6��ZHVW�FRDVW [

�� 0/9�� %OXH�PXVVHO��0��HGXOLV��HDVW�FRDVW�8�6� [

�� 0/9�� %XWWHUFODP��6D[LGRPXV�JLJDQWHD��IURP�WKH�8�6��ZHVW�FRDVW

�� 0/9�� $OPHMD�FODP��9HQXV�DQWLTXH��IURP�&KLOH�FODP [

�� 0/9�� %OXH�PXVVHO��0��HGXOLV��QHJDWLYH�FRQWURO��HDVW�FRDVW�8�6� �
D� �6DPSOH�QXPEHU�LGHQWL¿HV�WKH�LQGLYLGXDO�VDPSOHV�DQDO\]HG�LQ�WKH�DVVD\V��ZLWK��±��DQDO\]HG�LQ�DVVD\�����±���LQ�DVVD\����DQG�

��±���LQ�DVVD\����6DPSOH�LGHQWL¿FDWLRQ��0/9�IRU�PXOWLODERUDWRU\�YDOLGDWLRQ��GHVFULEHV�WKH����XQLTXH�VDPSOHV��DPRQJ�ZKLFK�¿YH�
ZHUH�DVVD\HG�DV�EOLQG�GXSOLFDWHV��WR�PDNH�D�WRWDO�RI����VDPSOHV��%OLQG�GXSOLFDWHV��UXQ�LQ�GLIIHUHQW�DVVD\V��DUH�LGHQWL¿HG�E\�DQ�³[�´
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LQGHSHQGHQW�RI�WKH�WR[LQ�FRQJHQHUV�SUHVHQW������,Q�WKH�5%$�IRU�
367�� WULWLDWHG�67;��>�+@�67;��FRPSHWHV�ZLWK�XQODEHOHG�67;�
DQG�RU�LWV�FRQJHQHUV�IRU�D�¿QLWH�QXPEHU�RI�DYDLODEOH�UHFHSWRU�VLWHV�
LQ�D�UDW�EUDLQ�PHPEUDQH�SUHSDUDWLRQ��)ROORZLQJ�HVWDEOLVKPHQW�
RI� ELQGLQJ� HTXLOLEULXP�� XQERXQG� >�+@� 67;� LV� UHPRYHG� E\�
¿OWUDWLRQ� DQG� UHFHSWRU� ERXQG� >�+@� 67;� TXDQWL¿HG� E\� OLTXLG�
VFLQWLOODWLRQ� FRXQWLQJ�� 7KH� UHGXFWLRQ� LQ� >�+@� 67;� ELQGLQJ� LV�
GLUHFWO\�SURSRUWLRQDO�WR�WKH�DPRXQW�RI�XQODEHOHG�WR[LQ�SUHVHQW��$�
VWDQGDUG�FXUYH�LV�JHQHUDWHG�XVLQJ�LQFUHDVLQJ�FRQFHQWUDWLRQV�RI�
QRQUDGLRODEHOHG�67;�VWDQGDUG�IURP���±���WR���±��0�67;��7KH�
FRQFHQWUDWLRQ�RI�WR[LQ�LQ�VDPSOHV�LV�GHWHUPLQHG�LQ�UHIHUHQFH�WR�
WKH�VWDQGDUG�FXUYH��
7KH� DVVD\� EHLQJ� WHVWHG� LQ� WKLV� FROODERUDWLYH� WULDO� LV� D�

PRGL¿FDWLRQ�RI�WKH�PHWKRG�RI�'RXFHWWH�HW�DO������WR�LQFRUSRUDWH�
D� ���ZHOO� PLFURWLWHU� SODWH� IRUPDW�� ZKLFK� LQFUHDVHV� VDPSOH�
WKURXJKSXW� DQG�PLQLPL]HV�HUURU�E\� UHGXFLQJ� VDPSOH�KDQGOLQJ�
DQG�SLSHWWLQJ� VWHSV��7KLV�PLFURSODWH�367�5%$�ZDV� HYDOXDWHG�
LQ� D� VLQJOH�ODERUDWRU\� YDOLGDWLRQ� �6/9�� VWXG\� ������ ZKLFK�
HVWDEOLVKHG� DQ� LQWHUDVVD\� UHSHDWDELOLW\� �56'U�� RI� ������ DQG�
JRRG� FRUUHODWLRQ� ZLWK� WKH� PRXVH� ELRDVVD\� DQG� SUHFROXPQ�
R[LGDWLRQ�+3/&�PHWKRGV��7KH�WR[LQ�FRQFHQWUDWLRQV�LQ�VKHOO¿VK�
WHVWHG� LQ� WKH� 6/9� VWXG\� UDQJHG� IURP� QHDU� WR� ZHOO� DERYH� WKH�
UHJXODWRU\� OLPLW� �DSSUR[LPDWHO\� ���±������� PJ� 67;� GL+&O�
HTXLY��NJ��� 7KH� FXUUHQW� VWXG\� IRFXVHV� PRUH� VSHFL¿FDOO\� RQ�
WKH� SHUIRUPDQFH� RI� WKH�5%$� LQ� WKH� FULWLFDO� UDQJH� RI� VKHOO¿VK�
WR[LFLWLHV� EHORZ�� QHDU�� DQG� VOLJKWO\� DERYH� WKH� UHJXODWRU\� OLPLW�
�DSSUR[LPDWHO\����±�����PJ�67;�GL+&O�HTXLY��NJ���
7KH� UHVXOWV� RI� WKH� FROODERUDWLYH� VWXG\� VXJJHVW� WKDW� WKH�

5%$� IRU� 367� LV� D� VXLWDEOH� KLJK�WKURXJKSXW� VFUHHQ� IRU� 367�
LQ� VKHOO¿VK�� $OWKRXJK� +3/&� PHWKRGV� RIIHU� TXDQWLWDWLYH�
LQIRUPDWLRQ� RQ� FRQJHQHU� FRPSRVLWLRQ� RI� VDPSOHV�� RIWHQ� WKH�
GHVLUHG�LQIRUPDWLRQ�LV�FRPSRVLWH�WR[LF�SRWHQF\��ZKLFK�UHTXLUHV�
WKH� VXPPDWLRQ� RI� LQGLYLGXDO� FRQJHQHUV�� FRUUHFWHG� IRU� WKHLU�
LQGLYLGXDO� WR[LF� HTXLYDOHQFLHV�� 7KH� 5%$� SURYLGHV� D� VLQJOH�
LQWHJUDWHG�WR[LF�SRWHQF\�YDOXH�WKDW�UHÀHFWV�DFWLYLW\�RI�DOO�NQRZQ�
DQG� SRWHQWLDO� XQNQRZQ� FRQJHQHUV� SUHVHQW� LQ� WKH� VDPSOH��8VH�
RI� WKH�PLFURWLWHU�SODWH� IRUPDW�� LQ� FRQMXQFWLRQ�ZLWK�PLFURSODWH�
VFLQWLOODWLRQ� FRXQWLQJ�� SURYLGHV� WKH� DELOLW\� WR� VFUHHQ� PXOWLSOH�
VDPSOHV�VLPXOWDQHRXVO\� LQ�D� WRWDO�DVVD\� WLPH�RI� OHVV� WKDQ���K��
7KH�DVVD\�IRUPDW�GHVFULEHG�LQ�WKH�FXUUHQW�VWXG\�SURYLGHV�IRU�WKH�
TXDQWLWDWLYH�GHWHUPLQDWLRQ�RI�FRPSRVLWH�367�WR[LFLW\�LQ�VHYHQ�
VKHOO¿VK�H[WUDFWV�SHU����ZHOO�PLFURSODWH��HDFK�UXQ�LQ�WULSOLFDWH�
DW� WKUHH� GLOXWLRQV�� FRYHULQJ� WR[LFLW\� UDQJHV� RI� DSSUR[LPDWHO\�
��±�����PJ�67;�GL+&O�HTXLY��NJ��,Q�D�KLJK�WKURXJKSXW�DVVD\�
VHWWLQJ��PXOWLSOH�SODWHV�FDQ�EH�VHW�XS�VLPXOWDQHRXVO\��VR�WKDW�VL[�
DVVD\�SODWHV�FDQ�HDVLO\�EH�DFFRPPRGDWHG�HDFK�GD\�E\�D�VLQJOH�
DQDO\VW�� IRU� D� WKURXJKSXW� RI� ��� VDPSOHV�GD\�� 7KLV� FRPSDUHV�
IDYRUDEO\� WR�DQ�HVWLPDWHG� WKURXJKSXW�RI���±���VDPSOHV�D�GD\�
E\� WKH� SUHFROXPQ� +3/&� PHWKRG� �%�� 1LHG]ZLDGHN�� +HDOWK�
&DQDGD��SHUVRQDO�FRPPXQLFDWLRQ��RU���±���E\�PRXVH�ELRDVVD\�
�%��6XDUH]��8QLYHUVLW\�RI�&KLOH��SHUVRQDO�FRPPXQLFDWLRQ��

&ROODERUDWLYH�6WXG\

7KH�IRFXV�RI�WKLV�VWXG\�ZDV�WR�DVVHVV�WKH�SHUIRUPDQFH�RI�WKH�
5%$� WR� GHWHUPLQH� 367� WR[LFLW\� LQ� VDPSOHV� RI� FRPPHUFLDOO\�
LPSRUWDQW�VKHOO¿VK�DW�D�UDQJH�RI�FRQFHQWUDWLRQV�EHORZ�DQG�DERYH�
WKH� UHJXODWRU\� OLPLW�� 7ZHQW\�RQH� VKHOO¿VK� KRPRJHQDWHV� ZHUH�
LQFOXGHG� LQ� WKH� VWXG\�� ZKLFK� UHSUHVHQWHG� ��� XQLTXH� VDPSOHV�
�7DEOH�����7KH�KRPRJHQDWHV�LQFOXGHG����QDWXUDOO\�FRQWDPLQDWHG�
VKHOO¿VK� VDPSOHV� RI� GLIIHUHQW� VSHFLHV� FROOHFWHG� IURP� VHYHUDO�

JHRJUDSKLF�UHJLRQV��EOXH�PXVVHO��0��HGXOLV��IURP�WKH�8�6��HDVW�
DQG�ZHVW�FRDVWV��&DOLIRUQLD�PXVVHO��0��FDOLIRUQLDQXV��IURP�WKH�
8�6��ZHVW�FRDVW��FKRULWR�PXVVHO��0��FKLOLHQVLV��IURP�&KLOH��JUHHQ�
PXVVHO� �3HUQD� FDQDOLFXOXV�� IURP�1HZ�=HDODQG��$WODQWLF� VXUI�
FODP��6SLVXOD�VROLGLVVLPD��IURP�WKH�8�6��HDVW�FRDVW��EXWWHU�FODP�
�6D[LGRPXV�JLJDQWHD��IURP�8�6��ZHVW�FRDVW��DOPHMD�FODP��9HQXV�
DQWLTXD�� IURP� &KLOH�� DQG� $WODQWLF� VHD� VFDOORS� �3ODFWRSHFWHQ�
PDJHOODQLFXV�� IURP� WKH� 8�6�� HDVW� FRDVW�� $OO� VDPSOHV� ZHUH�
SURYLGHG� DV� ZKROH� DQLPDO� KRPRJHQDWHV�� H[FHSW�$WODQWLF� VHD�
VFDOORS�DQG�JUHHQ�PXVVHO��ZKLFK�LQFOXGHG�KHSDWRSDQFUHDV�RQO\��
$PRQJ� WKH� QDWXUDOO\� FRQWDPLQDWHG� VDPSOHV�� ¿YH� ZHUH� EOLQG�
GXSOLFDWHV�WHVWHG�RQ�VHSDUDWH�GD\V�WKDW�ZHUH�XVHG�IRU�FDOFXODWLRQ�
RI�56'U�� 6DPSOHV� UXQ� DV� GXSOLFDWHV� DUH� LQGLFDWHG� LQ�7DEOH� ���
7KUHH� VDPSOHV� FRQVLVWLQJ� RI� 67;�VSLNHG�PXVVHO� KRPRJHQDWH�
�0�� HGXOLV�� DW� OHYHOV� WKDW� EUDFNHWHG� WKH� UHJXODWRU\� OLPLWV� RI�
�����J�NJ������DQG�������J�NJ�VSLNH��DQG������J�NJ�������J�NJ�
VSLNH��ZHUH�LQFOXGHG�WR�FDOFXODWH�UHFRYHU\��2QH�VDPSOH�ZDV�WKH�
QHJDWLYH� FRQWURO� KRPRJHQDWH� RI�0�� HGXOLV� WR�ZKLFK� WKH� 67;�
VSLNHV� ZHUH� DGGHG�� $OO� KRPRJHQDWHV� ZHUH� H[WUDFWHG� E\� WKH�
VWXG\�SDUWLFLSDQWV� DQG� WKH� H[WUDFWV� DQDO\]HG�E\�5%$� LQ� WKUHH�
DVVD\V�RQ�VHSDUDWH�GD\V��

6WXG\�3DUWLFLSDQWV

7HQ� ODERUDWRULHV� IURP� VHYHQ� FRXQWULHV� DJUHHG� WR� FDUU\� RXW�
5%$V�IRU�WKLV�VWXG\��LQFOXGLQJ�WKH�8QLWHG�6WDWHV��,WDO\��$XVWUDOLD��
1HZ� =HDODQG�� 7KDLODQG�� WKH� 3KLOLSSLQHV�� DQG� 6RXWK� $IULFD��
3DUWLFLSDQWV�LQFOXGHG�ODERUDWRULHV�IURP�UHJXODWRU\�DXWKRULWLHV��DV�
ZHOO�DV�JRYHUQPHQW�DQG�DFDGHPLF�ODERUDWRULHV�ZLWK�PRQLWRULQJ�
QHHGV��)LYH�RI�WKH�SDUWLFLSDWLQJ�ODERUDWRULHV��/DERUDWRULHV��±���
KDYH�WKLV�PHWKRG�ZHOO�HVWDEOLVKHG�DQG�PD\�EH�FRQVLGHUHG�URXWLQH�
XVHUV��7ZR� ODERUDWRULHV� KDG� SUHYLRXV� H[SHULHQFH� UXQQLQJ� WKLV�
IRUPDW�RI�WKH�367�5%$��EXW�KDYH�QRW�LPSOHPHQWHG�LW�URXWLQHO\��
2QH� ODERUDWRU\�KDG�SUHYLRXV�H[SHULHQFH�ZLWK� UHFHSWRU�DVVD\V��
EXW�KDG�QRW�XVHG� WKH�PLFURSODWH�¿OWUDWLRQ�IRUPDW�RI� WKH�DVVD\��
2QH�ODERUDWRU\�KDG�QR�SUHYLRXV�H[SHULHQFH�ZLWK�5%$V��7KUHH�
ODERUDWRULHV� IURP� GLIIHUHQW� FRXQWULHV�� 8QLWHG� 6WDWHV�� &KLOH��
DQG�7KDLODQG�� FDUULHG� RXW� WKH�$2$&� RI¿FLDO�PRXVH� ELRDVVD\�
PHWKRG� �$2$&�0HWKRG���������RQ� WKH� VDPH�VHW�RI� VDPSOHV��
$OO�PRXVH� ELRDVVD\� ODERUDWRULHV�ZHUH� H[SHULHQFHG� UHJXODWRU\�
DXWKRULWLHV� ZLWK� PRQLWRULQJ� UHVSRQVLELOLWLHV�� 2QH� ODERUDWRU\�
�+HDOWK� &DQDGD�� SHUIRUPHG� WKH� SUHFROXPQ� R[LGDWLRQ� +3/&�
PHWKRG�IRU�367��$2$&�0HWKRG����������

3UHSDUDWLRQ�RI�+RPRJHQDWHV

$OO� VKHOO¿VK� VDPSOHV� ZHUH� WKRURXJKO\� KRPRJHQL]HG� XVLQJ�
D� SRO\WURQ� EOHQGHU�� )RU� VSLNHG� VDPSOHV�� VD[LWR[LQ� VWDQGDUG�
UHIHUHQFH� PDWHULDO� �67;� GL+&O�� ZDV� DGGHG� WR� WKH� VSHFL¿HG�
FRQFHQWUDWLRQ��DQG�WKH�VDPSOH�ZDV�WKRURXJKO\�UHKRPRJHQL]HG�
WR� HQVXUH� KRPRJHQHLW\�� 7KH� WR[LQ� FRQJHQHU� SUR¿OHV� DQG�
FRQFHQWUDWLRQV�RI�DOO�VDPSOHV�ZHUH�GHWHUPLQHG�E\�WKH�SUHFROXPQ�
R[LGDWLRQ�+3/&�PHWKRG��SHUIRUPHG�E\�+HDOWK�&DQDGD���67;�
HTXLYDOHQWV�ZHUH�GHWHUPLQHG�E\�PRXVH�ELRDVVD\��SHUIRUPHG�E\�
0DLQH�'HSDUWPHQW�RI�0DULQH�5HVRXUFHV���6XEVDPSOHV�RI�HDFK�
KRPRJHQDWH�����J��ZHUH�SDFNDJHG�LQ�SRO\FDUERQDWH�WXEHV�DQG�
VWRUHG� DW� ±���&� XQWLO� VKLSPHQW� WR� FROODERUDWLQJ� ODERUDWRULHV�
E\� FRXULHU�� $OO� VDPSOHV� ZHUH� FRGHG� SULRU� WR� GLVWULEXWLQJ� WR�
FROODERUDWLQJ� ODERUDWRULHV�� ZLWK� WKH� FRGHV� WR� HDFK� ODERUDWRU\�
EHLQJ� XQLTXH�� DQG� SURYLGHG� EOLQG�� &RGLQJ� FRQVLVWHG� RI� WZR�
OHWWHUV�IROORZHG�E\�D�QXPEHU�LQ�WKH�IRUP�;�$�����;�%�����DQG�
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;�&�����ZKHUH�WKH�;�LQGLFDWHG�WKH�ODERUDWRU\��WKH�VHFRQG�OHWWHU�
LQGLFDWHG� WKH� WKUHH�DVVD\V� WR�EH�FRQGXFWHG��DQG� WKH�QXPHULFDO�
FRGH�LQGLFDWHG�VDPSOH�QXPEHU�ZLWKLQ�WKDW�DVVD\��7KUHH�SUDFWLFH�
KRPRJHQDWHV�ZHUH�VLPLODUO\�SURGXFHG�

6KLSPHQW�RI�6WXG\�0DWHULDO

7KH� IROORZLQJ� UHDJHQWV�ZHUH� SURYLGHG� WR� WKH� FROODERUDWLQJ�
ODERUDWRULHV� LQ� D� VLQJOH� VKLSPHQW� FRQWDLQLQJ� HQRXJK� GU\� LFH�
WR�NHHS�WKH�FRQWHQWV�IUR]HQ�IRU���GD\V��>�+@�67;��67;�GL+&O�
VWDQGDUG�� UDW� EUDLQ�PHPEUDQH� SUHSDUDWLRQ�� ��� FRGHG� VKHOO¿VK�
KRPRJHQDWHV�� WKUHH� SUDFWLFH� KRPRJHQDWHV�� DQG� D� 4&� FKHFN�
VDPSOH�FRQVLVWLQJ�RI����Q0�67;�GL+&O��6XI¿FLHQW�KRPRJHQDWH�
����J��ZDV�SURYLGHG� WR�HQVXUH�DQ�DFFXUDWH�ZHLJKW�RI�PDWHULDO�
FRXOG� EH� UHPRYHG� IURP� WKH� VWRUDJH� YLDO� LI� DQ� DGGLWLRQDO�
H[WUDFWLRQ� ZHUH� QHFHVVDU\� GXH� WR� XQH[SHFWHG� FLUFXPVWDQFHV��
7KH�LGHQWLW\�RI� WKH�VDPSOHV�ZDV�QRW�UHOHDVHG�WR�FROODERUDWRUV��
$OO�UHDJHQWV�ZHUH�UHFHLYHG�IUR]HQ�DQG�LQ�JRRG�FRQGLWLRQ��(DFK�
SDUWLFLSDQW� UHFHLYHG� HOHFWURQLFDOO\� D� GHWDLOHG� DVVD\� SURWRFRO��
FRPSUHKHQVLYH� LQVWUXFWLRQV� IRU�FRQGXFWLQJ� WKH�VWXG\�DQG�GDWD�
UHSRUWLQJ��DQG�GDWD�UHSRUWLQJ�IRUPV�

$QDO\VLV

3DUWLFLSDQWV�H[WUDFWHG�DOO�KRPRJHQDWHV�XVLQJ�D�PRGL¿FDWLRQ�
RI�WKH�����0�+&O�H[WUDFWLRQ�PHWKRG�XVHG�LQ�WKH�$2$&�VWDQGDUG�
PRXVH�ELRDVVD\�SURWRFRO��PRGL¿HG�RQO\�E\�VFDOH���7KH\�ZHUH�
DVNHG�WR�SHUIRUP�WKUHH�5%$V��HDFK�RQ�VHSDUDWH�GD\V��(DFK�DVVD\�
FRQVLVWHG�RI�RQH����ZHOO�SODWH� WKDW� LQFOXGHG�D�VWDQGDUG�FXUYH��
4&�FKHFN�VDPSOH��DQG�VHYHQ�VKHOO¿VK�H[WUDFWV��$OO�VDPSOHV�DQG�
VWDQGDUGV�ZHUH� WHVWHG� LQ� WULSOLFDWH�ZHOOV��$OO� VKHOO¿VK�H[WUDFWV�
ZHUH� UXQ� DW� WKUHH� GLOXWLRQV� ������� ������ DQG� �������� ZKLFK�
HQVXUHG�WKDW�DW� OHDVW�RQH�GLOXWLRQ�ZRXOG�IDOO�RQ�WKH�OLQHDU�SDUW�
RI� WKH� VWDQGDUG� FXUYH��3DUWLFLSDQWV�ZHUH� LQVWUXFWHG� WR� DQDO\]H�
VDPSOHV� FRGHG�$��%�� RU�&� LQ� WKH�¿UVW�� VHFRQG�� RU� WKLUG� DVVD\��
UHVSHFWLYHO\�� LQ� QXPHULFDO� RUGHU�� 7KH� ¿YH� EOLQG� GXSOLFDWH�
VDPSOHV�ZHUH�FRGHG�VR�WKDW�WKH\�ZHUH�WHVWHG�LQ�WZR�LQGHSHQGHQW�
DVVD\V�� ZLWK� WKH� FRPELQDWLRQ� RI� DVVD\V� GLIIHULQJ� EHWZHHQ�
GXSOLFDWHV�� %HIRUH� SHUIRUPLQJ� WKH� RI¿FLDO� VWXG\�� SDUWLFLSDQWV�
ZHUH�DVNHG�WR�UXQ�D�SUDFWLFH�DVVD\�WKDW�LQFOXGHG�WKUHH�VKHOO¿VK�
KRPRJHQDWHV�LQ�WKH�VDPH�IRUPDW�WR�HQVXUH�WKDW�DQ\�XQH[SHFWHG�
SUREOHPV�ZHUH�HQFRXQWHUHG�DQG�DGGUHVVHG�SULRU�WR�WKH�RI¿FLDO�
VWXG\�� 7KH� SUDFWLFH� VDPSOHV� FRQVLVWHG� RI� D� QHJDWLYH� FRQWURO�
PXVVHO�KRPRJHQDWH��0/9�����DQG�WZR�QDWXUDOO\�FRQWDPLQDWHG�
VDPSOHV� WKDW� ZHUH� DOVR� LQFOXGHG� LQ� WKH� IXOO� VWXG\� �0/9���
DQG� 0/9����� 7KH� LGHQWLW\� RI� WKH� SUDFWLFH� VDPSOHV� ZDV� QRW�
PDGH�NQRZQ� WR�SDUWLFLSDQWV��5HVXOWV�RI� WKH�SUDFWLFH� UXQ�ZHUH�
VXEPLWWHG�E\�H�PDLO� WR� WKH�FRRUGLQDWLQJ� ODERUDWRU\�IRU� UHYLHZ�
EHIRUH�SURFHHGLQJ�ZLWK�WKH�IXOO�VWXG\�
)RU� WKH� PRXVH� ELRDVVD\�� SDUWLFLSDQWV� IROORZHG� WKH� $2$&�

RI¿FLDO�PRXVH�ELRDVVD\�PHWKRG��$2$&�0HWKRG����������ZLWK�
WKH�H[FHSWLRQ�RI�D�PRGL¿HG�����0�+&O�H[WUDFWLRQ�SURWRFRO�XVHG�
LQ�WKH�5%$�SURWRFRO��ZKLFK�ZDV�PRGL¿HG�RQO\�E\�VFDOH�VR�WKDW�
��P/�����0�+&O�ZDV� DGGHG� WR� �� J� RI� VKHOO¿VK� KRPRJHQDWH��
ZLWK�DOO�RWKHU�DVSHFWV�RI�WKH�H[WUDFWLRQ�SURWRFRO�EHLQJ�LGHQWLFDO��
7KH�+3/&�ODERUDWRU\�IROORZHG�WKH�SUHFROXPQ�R[LGDWLRQ�+3/&�
PHWKRG� IRU� 367� �$2$&� 0HWKRG� ���������� KRZHYHU�� ¿QDO�
FRQFHQWUDWLRQV�LQ�PJ�NJ�DQG�PJ�67;�HTXLY��NJ�ZHUH�FDOFXODWHG�
XVLQJ� WKH� IRUPXOD� ZHLJKW� RI� 67;� GL+&O� >���� GDOWRQV� �GD�@��
DV�RSSRVHG� WR� WKH� IUHH�EDVH� �������GD�� LQ� WKH� VWDQGDUG�+3/&�
SURWRFRO��WR�PRUH�GLUHFWO\�FRPSDUH�ZLWK�WKH�5%$�

'DWD�$QDO\VLV�DQG�5HSRUWLQJ

3DUWLFLSDQWV� ZHUH� DVNHG� WR� UHSRUW� ZKHWKHU� WKH\� XVHG� D�
VWDQGDUG�RU�PLFURSODWH� VFLQWLOODWLRQ�FRXQWHU� IRU� WKH�VWXG\�DQG��
LI� D� PLFURSODWH� FRXQWHU� ZDV� XVHG�� ZKLFK� PRGHO�� EHFDXVH� RI�
GLIIHUHQFHV� LQ� LQKHUHQW� FRXQWLQJ� HI¿FLHQF\� EHWZHHQ� FXUUHQW�
FRPPHUFLDOO\�DYDLODEOH�FRXQWHUV��)RU�GDWD�DQDO\VLV��SDUWLFLSDQWV�
ZHUH� LQVWUXFWHG� WR� XVH� *UDSK3DG� 3ULVP� VRIWZDUH� �/D� -ROOD��
&$�� RU� WKH� RQ�ERDUG� FXUYH�¿WWLQJ� VRIWZDUH� SURYLGHG� ZLWK�
WKHLU�PLFURSODWH�VFLQWLOODWLRQ�FRXQWHU�H�J���3HUNLQ(OPHU�:DOODF�
0XOWL&DOF��*DLWKHUVEXUJ��0'��RU�3DFNDUG�7RS�&RXQW�VRIWZDUH�
�3DFNDUG� ,QVWUXPHQW� &R��� 0HULGHQ�� &7��� DQG� WR� UHSRUW� ZKDW�
VRIWZDUH�ZDV�XVHG��)RU�DQDO\VLV��D�IRXU�SDUDPHWHU�ORJLVWLF�¿W��DOVR�
NQRZQ�DV�D�VLJPRLGDO�GRVH�UHVSRQVH�ZLWK�YDULDEOH�VORSH��RU�+LOO�
HTXDWLRQ��ZDV�SUHVFULEHG��3DUWLFLSDQWV�SUHVHQWHG�WKHLU�DQDO\]HG�
GDWD� RQ� WKH� VSUHDGVKHHW� WHPSODWH� SURYLGHG�� LQFOXGLQJ� DVVD\�
TXDOLW\� SDUDPHWHUV� �VORSH�� ,&���� DQG� TXDQWL¿FDWLRQ� RI� WKH�4&�
FKHFN�VDPSOH���EHWZHHQ�ZHOO�&9V�IRU�HDFK�VDPSOH�GLOXWLRQ�WKDW�
IHOO�ZLWKLQ�WKH�OLQHDU�SDUW�RI�WKH�VWDQGDUG�FXUYH�����±����%�%R���
DQG�FDOFXODWHG�YDOXHV�IRU�WKHVH�VDPSOHV�LQ�WKH�ZHOO��Q0���LQ�WKH�
H[WUDFW���J�67;�HTXLY��P/���DQG�LQ�WKH�VKHOO¿VK�WLVVXH���J�67;�
HTXLY��NJ���3DUWLFLSDQWV�ZHUH�DOVR�DVNHG�WR�UHSRUW�DOO�UDZ�FRXQW�
GDWD� VR� WKDW� DOO� UHVXOWV� FRXOG�EH�DQDO\]HG�E\� WKH�FRRUGLQDWLQJ�
ODERUDWRU\� XVLQJ� LGHQWLFDO� VRIWZDUH� �*UDSK3DG� 3ULVP� ����� WR�
DVVHVV� ZKHWKHU� V\VWHPDWLF� GLIIHUHQFHV� LQ� TXDQWL¿FDWLRQ� DURVH�
IURP� XVLQJ� GLIIHUHQW� FXUYH�¿WWLQJ� VRIWZDUH�� $OO� GDWD� ZHUH�
UHSRUWHG�YLD�H�PDLO�WR�WKH�FRRUGLQDWLQJ�ODERUDWRU\��
7KH� FDOFXODWHG� UHVXOWV� VKHHWV� ZHUH� UHYLHZHG� E\� WKH�

FRRUGLQDWLQJ� ODERUDWRU\� IRU� REYLRXV� HUURUV� LQ� GLOXWLRQV� DQG�
FDOFXODWLRQV�DQG�IRU�XVH�RI�WKH�SUHVFULEHG�FXUYH�¿WWLQJ�PRGHO��
2EYLRXV� HUURUV� ZHUH� FRUUHFWHG� DQG� WKH� SDUWLFLSDQW� ODERUDWRU\�
ZDV�FRQVXOWHG�IRU�FRQFXUUHQFH��7KH�UHYLHZHG�UHVXOWV�ZHUH�WKHQ�
XVHG�IRU�HYDOXDWLRQ�LQ�WKH�FROODERUDWLYH�VWXG\�

6WDWLVWLFDO�(YDOXDWLRQ�RI�WKH�&ROODERUDWLYH�6WXG\

)RU�HDFK�VDPSOH�DQDO\]HG��RXWOLHUV�ZHUH�¿UVW�GHWHUPLQHG�XVLQJ�
WKH�*UXEEV� WHVW�DW�D�SUREDELOLW\�YDOXH�RI�����ZZZ�JUDSKSDG�
FRP���ZLWK�QR�PRUH�WKDQ�RQH�RXWOLHU�UHPRYHG��VR�WKDW�YDOLG�GDWD�
UHPDLQHG�IURP�D�PLQLPXP�RI�HLJKW�ODERUDWRULHV��7KH�PHDQ��65��
DQG� 56'5�� DQG�+RU5DW� YDOXHV� ZHUH� WKHQ� FDOFXODWHG� IRU� HDFK�
VDPSOH�� )RU� EOLQG� GXSOLFDWHV�� WKH�$2$&� ,17(51$7,21$/�
,QWHUODERUDWRU\�6WXG\�:RUNERRN�IRU�%OLQG�'XSOLFDWHV��Y�����ZDV�
XVHG�WR�IXUWKHU�HYDOXDWH�IRU�RXWOLHUV�DQG�GHWHUPLQH�6U�DQG�56'U��
*UDSK3DG�3ULVP�ZDV�XVHG�WR�GHWHUPLQH�FRUUHODWLRQ�DPRQJ�WKH�
5%$��PRXVH�ELRDVVD\��DQG�+3/&�UHVXOWV�

$2$&�2I¿FLDO�0HWKRG���������
3DUDO\WLF�6KHOO¿VK�7R[LQV��367V��LQ�6KHOO¿VK

5HFHSWRU�%LQGLQJ�$VVD\�
)LUVW�$FWLRQ�����

>$SSOLFDEOH�WR�WKH�GHWHUPLQDWLRQ�RI�SDUDO\WLF�VKHOO¿VK�WR[LQV�
�367V���DV��J�67;�GL+&O�HTXLY��NJ��LQ�VKHOO¿VK��PXVVHOV��FODPV��
VFDOORSV��DW�OHYHOV�!����PJ�67;�GL+&O�HTXLY��NJ��ZLWK�D�OLPLW�
RI�GHWHFWLRQ��/2'��RI����67;�GL+&O�HTXLY��NJ�VKHOO¿VK�DQG�D�
OLPLW�RI�TXDQWL¿FDWLRQ��/24��RI������J�67;�GL+&O�HTXLY��NJ�
VKHOO¿VK�@
&DXWLRQ��:HDU�GLVSRVDEOH�JORYHV�DQG�SURWHFWLYH�ODERUDWRU\�FRDW�

ZKLOH� SHUIRUPLQJ� WKH� DVVD\�� 367V� DUH� QHXURWR[LQV�
WKDW�DUH�KDUPIXO�LI�LQJHVWHG��7KH�DVVD\�XVHV�D�WULWLXP�
ODEHOHG� WUDFHU�� >�+@� 67;�� DW� ORZ� FRQFHQWUDWLRQ��
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$OO� ODERUDWRULHV� SHUIRUPLQJ� WKH� DVVD\� PXVW� KDYH�
DSSURYHG�UDGLDWLRQ�ODERUDWRU\�VSDFH�DQG�PXVW�IROORZ�
SURFHGXUHV� SUHVFULEHG� E\� WKHLU� QXFOHDU� UHJXODWRU\�
DJHQF\�IRU�UHFHLSW��XVH��DQG�GLVSRVDO�RI�LVRWRSHV�

6HH� 7DEOHV� �������$±(� IRU� UHVXOWV� RI� WKH� LQWHUODERUDWRU\�
VWXG\�VXSSRUWLQJ�DFFHSWDQFH�RI�WKH�PHWKRG�
$�� 3ULQFLSOH

7HVW�SRUWLRQV�RI�VKHOO¿VK�KRPRJHQDWHV�DUH�H[WUDFWHG�XVLQJ�WKH�
$2$&�PRXVH�ELRDVVD\�H[WUDFWLRQ�SURWRFRO�����������PRGL¿HG�
E\� VFDOH�� 7KH� 367� UHFHSWRU� DVVD\� LV� D� FRPSHWLWLYH� ELQGLQJ�
DVVD\� LQ� ZKLFK� >�+@� 67;� FRPSHWHV� ZLWK� XQODEHOHG� 67;� LQ�
VWDQGDUGV� RU�PL[WXUHV� RI� 367� LQ� VDPSOHV� IRU� D� ¿QLWH� QXPEHU�
RI�DYDLODEOH�UHFHSWRU�VLWHV��VLWH���RQ�WKH�YROWDJH�JDWHG�VRGLXP�
FKDQQHO�� LQ� D� UDW� EUDLQ� PHPEUDQH� SUHSDUDWLRQ�� )ROORZLQJ�
HVWDEOLVKPHQW� RI� ELQGLQJ� HTXLOLEULXP� DW� ��&�� XQERXQG� >�+@�
67;�LV�UHPRYHG�E\�¿OWUDWLRQ�DQG�ERXQG�>�+@�67;�LV�TXDQWL¿HG�
E\�OLTXLG�VFLQWLOODWLRQ�FRXQWLQJ��$�VWDQGDUG�FXUYH� LV�JHQHUDWHG�
XVLQJ�LQFUHDVLQJ�FRQFHQWUDWLRQV�RI�67;�VWDQGDUG�IURP���±���WR�
��±��0�67;��ZKLFK�UHVXOWV�LQ�D�UHGXFWLRQ�LQ�ERXQG�>�+@�67;�
WKDW� LV� GLUHFWO\� SURSRUWLRQDO� WR� WKH� DPRXQW� RI� XQODEHOHG� WR[LQ�
SUHVHQW��7KH� FRQFHQWUDWLRQ� RI� WR[LQ� LQ� VDPSOHV� LV� GHWHUPLQHG�
LQ� UHIHUHQFH� WR� WKH� VWDQGDUG� FXUYH�� ,QFXEDWLRQ� LV� FDUULHG� RXW�
LQ� D�PLFURSODWH� IRUPDW� WR�PLQLPL]H� VDPSOH� KDQGOLQJ� DQG� WKH�
DPRXQW�RI�UDGLRDFWLYLW\�XVHG��%RXQG�>�+@�67;��DV�FRXQWV�SHU�
PLQXWH��&30��FDQ�EH�GHWHUPLQHG�HLWKHU�E\�FRQYHQWLRQDO�RU�E\�
PLFURSODWH�VFLQWLOODWLRQ�FRXQWLQJ��%RWK�PHWKRGV�DUH�LQFOXGHG�LQ�
WKLV�SURWRFRO�
%�� $SSDUDWXV�DQG�6XSSOLHV

�D�� 7UDGLWLRQDO�RU�PLFURSODWH�VFLQWLOODWLRQ�FRXQWHU�
�E��0LFURSLSHWWRUV�²�±����� P/� YDULDEOH� YROXPHV� DQG�

GLVSRVDEOH�WLSV�
�F�� (LJKW�FKDQQHO�SLSHWWRU�²�±����P/�YDULDEOH�YROXPH�DQG�

GLVSRVDEOH�WLSV�
�G�� ���:HOO�PLFURWLWHU�¿OWHU�SODWH�²:LWK�����PP�SRUH� VL]H�

W\SH�*)�%�JODVV�¿EHU�¿OWHU������PP�SRUH�VL]H�'XUDSRUH�VXSSRUW�
PHPEUDQH��0LOOLSRUH��%HGIRUG��0$��&DW��1R��06)%�1�%�����
�H��0XOWL6FUHHQ� YDFXXP� PDQLIROG�²0LOOLSRUH�� &DW�� 1R��

1690+76���
�I�� 9DFXXP�SXPS�
�J��&HQWULIXJH�WXEHV�²���DQG����P/��FRQLFDO��SODVWLF�
�K��0LQL�GLOXWLRQ�WXEHV�LQ����WXEH�DUUD\�
�L�� 5HDJHQW�UHVHUYRLUV�
�M�� ,FH�EXFNHW�DQG�LFH�
�N�� 9RUWH[�PL[HU�
�O�� 6HDOLQJ�WDSH�²0LOOLSRUH��&DW��1R��0$7$�+&/���
�P�� 9ROXPHWULF�ÀDVN�²��/�
�Q�� ±���&�IUHH]HU�
�R�� 5HIULJHUDWRU�
)RU�WUDGLWLRQDO�VFLQWLOODWLRQ�FRXQWHU�RQO\�
�S��0XOWL6FUHHQ�SXQFK�GHYLFH�²0LOOLSRUH��&DW�1R��0$03�

�������
�T��0XOWL6FUHHQ�GLVSRVDEOH�SXQFK�WLSV�²0LOOLSRUH��&DW��1R��

0$'3��������
�U��0XOWL6FUHHQ�SXQFK�NLW�%�IRU���P/�YLDOV�²0LOOLSRUH��&DW��

1R��0$3.������%�
�V�� 6FLQWLOODWLRQ�YLDOV�²��P/�
)RU�VDPSOH�H[WUDFWLRQ�
�W�� 3LSHWV�
�X��&HQWULIXJH�WXEHV�²���P/��FRQLFDO��SODVWLF�

�Y�� 9DFXXP�SXPS�RU�KRXVH�YDFXXP�
�Z�� S+�PHWHU�RU�S+�SDSHU�
�[��+RW�SODWH�
�\��*UDGXDWHG�FHQWULIXJH�WXEHV�²���P/�
�]��&HQWULIXJH�DQG�URWRU�IRU����P/�WXEHV�

&�� 5HDJHQWV

�D�� >�+@� 67;�²���� P&L�P/�� t��� &L�PPRO�� t����
UDGLRFKHPLFDO� SXULW\� �$PHULFDQ� 5DGLRODEHOHG� &KHPLFDOV�� 6W��
/RXLV��02��RU�,QWHUQDWLRQDO�,VRWRSHV�&OHDULQJKRXVH��/HDZRRG��
.6��
�E�� 67;�GL+&O�²1,67�50�������ZZZ�QLVW�JRY��
�F�� ��0RUSKROLQRSURSDQHVXOIRQLF� DFLG� �0236��²6LJPD�

�6W��/RXLV��02��&DW��1R��0��������*���RU�HTXLYDOHQW�
�G��&KROLQH� FKORULGH�²6LJPD� �&DW�� 1R�� &��������*��� RU�

HTXLYDOHQW�
�H�� 5DW�EUDLQ�PHPEUDQH�SUHSDUDWLRQ�²6HH�$SSHQGL[�
)RU�WUDGLWLRQDO�FRXQWHU�
�I�� 6FLQWLYHUVH� %'� OLTXLG� VFLQWLOODWLRQ� FRFNWDLO�²)LVKHU�

6FLHQWL¿F��:DOWKDP��0$��&DW��1R��6;������RU�HTXLYDOHQW�
)RU�PLFURSODWH�FRXQWHU�
�J�� 2SWLSKDVH� OLTXLG� VFLQWLOODWLRQ� FRFNWDLO�²3HUNLQ(OPHU�

/LIH� 6FLHQFHV� �'RZQHUV� *URYH�� ,/�� &DW�� 1R�� ����������� RU�
HTXLYDOHQW�
)RU�VDPSOH�H[WUDFWLRQ�
�K�� +\GURFKORULF�DFLG��+&O��²����DQG�����0�
�L�� 6RGLXP�K\GUR[LGH�²����0�
�M�� :DWHU�²'LVWLOOHG�RU�GHLRQL]HG������ȍ��

'�� 6DPSOH�([WUDFWLRQ

$FFXUDWHO\�ZHLJK�����J�WLVVXH�KRPRJHQDWH�LQWR�D�WDUHG����P/�
FRQLFDO�WXEH��$GG�����P/�RI�����0�+&O��YRUWH[��DQG�FKHFN�S+��
,I�QHFHVVDU\��DGMXVW�S+�WR����±����DV�GHWHUPLQHG�E\�D�S+�PHWHU�
RU�S+�SDSHU��7R�ORZHU�S+��DGG���0�+&O�GURSZLVH�ZLWK�PL[LQJ��
WR�UDLVH�S+��DGG�����0�1D2+�GURSZLVH�ZLWK�PL[LQJ�WR�SUHYHQW�
ORFDO�DONDOLQL]DWLRQ�DQG�FRQVHTXHQW�GHVWUXFWLRQ�RI�WR[LQ��3ODFH�
WKH�WXEH�LQ�D�EHDNHU�RI�ERLOLQJ�ZDWHU�RQ�D�KRW�SODWH�IRU���PLQ�ZLWK�
WKH�FDSV�ORRVHQHG��5HPRYH�DQG�FRRO�WR�URRP�WHPSHUDWXUH��&KHFN�
S+�DQG�DGMXVW�FRROHG�PL[WXUH�WR�S+����±����DV�GHVFULEHG�DERYH��
7UDQVIHU�HQWLUH�FRQWHQWV�WR�JUDGXDWHG�FHQWULIXJH�WXEH�DQG�GLOXWH�
YROXPHWULFDOO\� WR����P/��*HQWO\�VWLU�FRQWHQWV� WR�KRPRJHQHLW\�
DQG� DOORZ� WR� VHWWOH� XQWLO� SRUWLRQ� RI� VXSHUQDWDQW� LV� WUDQVOXFHQW�
DQG�FDQ�EH�GHFDQWHG�IUHH�RI�VROLG�SDUWLFOHV��3RXU�DSSUR[LPDWHO\�
��WR���P/�RI�WKH�WUDQVOXFHQW�VXSHUQDWDQW�LQWR�D�FHQWULIXJH�WXEH��
&HQWULIXJH�DW������u�J�IRU����PLQ��5HWDLQ�FODUL¿HG�VXSHUQDWDQW�
DQG�WUDQVIHU�WR�D�FOHDQ�FHQWULIXJH�WXEH��6WRUH�H[WUDFWV�DW�±���&�
XQWLO�WHVWHG�LQ�UHFHSWRU�DVVD\�

(�� 3UHSDUDWLRQ�RI�6WRFN�6ROXWLRQV�DQG�6WDQGDUGV

�D�� $VVD\�EXIIHU�²����P0�0236�����P0�FKROLQH�FKORULGH��
S+������:HLJK�RXW������J�0236�DQG�������J�FKROLQH�FKORULGH�
DQG�DGG�WR�����P/�G+�2��$GMXVW�S+�WR�����ZLWK�1D2+�ZKLOH�
VWLUULQJ�DQG�EULQJ�WR�D�¿QDO�YROXPH�RI���/�ZLWK�G+�2��6WRUH�DW�
��&�
�E�� 5DGLROLJDQG� VROXWLRQ�²&DOFXODWH� WKH� FRQFHQWUDWLRQ�

RI� >�+@�67;�VWRFN�SURYLGHG�E\� WKH� VXSSOLHU��ZKLFK�PD\�YDU\�
EHWZHHQ� ORWV��6XSSOLHUV�JHQHUDOO\�SURYLGH� WKH�VSHFL¿F�DFWLYLW\�
LQ�&L�PPRO��JHQHUDOO\���±���&L�PPRO��DQG�DFWLYLW\�LQ�P&L�P/�
�����±����P&L�P/��� IURP�ZKLFK� WKH�PRODU� FRQFHQWUDWLRQ� FDQ�
EH�FDOFXODWHG��3UHSDUH���P/�RI�D����Q0�ZRUNLQJ�VWRFN�RI�>�+@�
67;�IUHVK�GDLO\� LQ�����P0�0236�����P0�FKROLQH�FKORULGH�
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EXIIHU��7KLV�ZLOO�SURYLGH�VXI¿FLHQW�YROXPH�IRU�RQH����ZHOO�SODWH�
DW�DQ�LQ�ZHOO�FRQFHQWUDWLRQ�RI�����Q0��0HDVXUH�WRWDO�FRXQWV�RI�
HDFK�ZRUNLQJ� VWRFN� SULRU� WR� UXQQLQJ� DQ� DVVD\�� DGG� ��� �/� RI�
WKH�ZRUNLQJ�VWRFN� >�+@�67;�LQ�EXIIHU� WR�D� OLTXLG�VFLQWLOODWLRQ�
YLDO� ZLWK� �� P/� VFLQWLOODQW� DQG� FRXQW� RQ� D� WUDGLWLRQDO� OLTXLG�
VFLQWLOODWLRQ� FRXQWHU�� 7KLV� LV� GRQH� WR� FRQ¿UP� FRUUHFW� GLOXWLRQ�
SULRU�WR�UXQQLQJ�WKH�DVVD\��'HSHQGLQJ�RQ�WKH�HI¿FLHQF\�RI�WKH�
VFLQWLOODWLRQ�FRXQWHU�XVHG��WKH�FRUUHVSRQGLQJ�&30�ZLOO�YDU\��EXW�
VKRXOG�EH�FRQVLVWHQW�GD\�WR�GD\�DQG�ZLWKLQ�����RI�WKH�H[SHFWHG�
YDOXH�
�F�� 8QODEHOHG� 67;� VWDQGDUG� ZRUNLQJ� VROXWLRQ�²7KH� 67;�

GL+&O� VWDQGDUG� LV� SURYLGHG� DW� D� FRQFHQWUDWLRQ� RI� ������ �0�
����� �J�P/��� $� ³EXON´� VWDQGDUG� FXUYH� FDQ� EH� PDGH� XS� LQ�
DGYDQFH�DQG�VWRUHG�DW���&�IRU�XS�WR���PRQWK��7KH�XVH�RI�D�EXON�
VWDQGDUG� FXUYH�PLQLPL]HV� WKH� SLSHWWLQJ� QHHGHG� IRU� VHWWLQJ� XS�
DQ�DVVD\�URXWLQHO\�DQG�LPSURYHV�GD\�WR�GD\�UHSHDWDELOLW\��0DNH�
XS���P0�+&O��H�J���IURP�D���0�VWRFN������/�LQ����P/���WKHQ�
SHUIRUP�WKH�VHULDO�GLOXWLRQV��VHH�7DEOH��������)��RI�1,67�50�
����� 67;� GL+&O� ����� �J�P/�  � ������ �0�� WR� PDNH� XS� WKH�
VWDQGDUG� FXUYH� LQ� ��P0�+&O��7KHVH� VWDQGDUG� VWRFN� VROXWLRQV�
ZLOO�EH�GLOXWHG�����LQ�WKH�DVVD\�WR�\LHOG�WKH�GHVLJQDWHG�LQ�DVVD\�
FRQFHQWUDWLRQV��VHH�7DEOH��������)��
�G�� ,QWHUDVVD\�FDOLEUDWLRQ� VWDQGDUG� �4&�FKHFN��²3UHSDUH�

D� UHIHUHQFH� VWDQGDUG� FRQWDLQLQJ� ����u���±�� 0� 67;� VWDQGDUG�
�����u���±��0� 67;� LQ� DVVD\�� LQ� DGYDQFH� LQ� �� P0�+&O� DQG�
NHHS�IUR]HQ��±���&�� LQ���P/�DOLTXRWV�IRU� ORQJ�WHUP�VWRUDJH��
$OLTXRWV�VKRXOG�EH�WKDZHG�DQG�VWRUHG�DW���&�IRU�URXWLQH�XVH�
�VWDEOH�XS�WR���PRQWK��DQG�DQDO\]HG�LQ�HDFK�DVVD\��7KLV�VHUYHV�
DV� D�4&� FKHFN� DQG� FRQ¿UPV� GD\�WR�GD\� SHUIRUPDQFH� RI� WKH�
DVVD\�
�H�� 5DW� EUDLQ� PHPEUDQH� SUHSDUDWLRQ�²3UHSDUH� UDW� EUDLQ�

PHPEUDQH� SUHSDUDWLRQ� LQ� EXON� �VHH� $SSHQGL[�� 5DW� %UDLQ�
0HPEUDQH� 3UHSDUDWLRQ�� DQG� VWRUH� DW� ±���&� XQWLO� XVHG� LQ� WKH�
DVVD\�� 7KDZ� DQ� DOLTXRW� RI� UDW� EUDLQ� PHPEUDQH� SUHSDUDWLRQ� RQ�
LFH�� 'LOXWH� PHPEUDQH� SUHSDUDWLRQ� ZLWK� FROG� ���&�� ���� P0�

0236����� P0� FKROLQH� FKORULGH�� S+� ����� WR� \LHOG� D� ZRUNLQJ�
VWRFN�ZLWK� D� SURWHLQ� FRQFHQWUDWLRQ� RI� ����PJ�P/� �WKLV�ZLOO� EH�
GLOXWHG� LQ� WKH�DVVD\�SODWH� WR�����PJ�P/�LQ�ZHOO�FRQFHQWUDWLRQ���
9RUWH[�YLJRURXVO\�WR�DFKLHYH�D�YLVLEO\�KRPRJHQHRXV�VXVSHQVLRQ��
.HHS�WKH�GLOXWHG�PHPEUDQH�SUHSDUDWLRQ�RQ�LFH�XQWLO�UHDG\�WR�XVH�

)�� 3HUIRUPLQJ�WKH�$VVD\

�D�� 3ODWH� VHWXS�²:KHQ� SRVVLEOH�� XVH� D�PXOWLFKDQQHO� SLSHW�
WR�PLQLPL]H�SLSHWWLQJ�HIIRUW�DQG�LQFUHDVH�FRQVLVWHQF\��6WDQGDUG�
FXUYH�� 4&� FKHFN�� DQG� VDPSOH� H[WUDFWV� DUH� UXQ� LQ� WULSOLFDWH�
ZHOOV��0XOWLSOH�GLOXWLRQV�RI�VDPSOH�H[WUDFWV�VKRXOG�EH�DQDO\]HG�
LQ�RUGHU� WR�REWDLQ� D�YDOXH� WKDW� IDOOV�EHWZHHQ����±����%�%R�RQ�
WKH� VWDQGDUG� FXUYH� IRU� TXDQWL¿FDWLRQ�� )RU� HDVH� RI� DQDO\VLV�� LW�
LV� FRQYHQLHQW� WR� XVH� D� VWDQGDUG� SODWH� OD\RXW� WKDW� PD[LPL]HV�
WKH�QXPEHU�RI�VDPSOHV�DQG�VWDQGDUGV�WKDW�FDQ�EH�DQDO\]HG�RQ�
RQH� SODWH�� )RU� VKHOO¿VK� H[WUDFWV�� D�PLQLPXP� GLOXWLRQ� RI� �����
LV� XVHG�� ZKLFK�PLQLPL]HV� SRWHQWLDO�PDWUL[� HIIHFWV�� ZKLOH� VWLOO�
SURYLGLQJ� DQ�/24�RI� DSSUR[LPDWHO\� ����PJ�NJ� VKHOO¿VK� �VHH�
7DEOH��������*��
�E�� $GGLWLRQ� RI� VDPSOHV� DQG� VWDQGDUGV�²$GG� LQ� WKH�

IROORZLQJ� RUGHU� WR� HDFK� RI� WKH� ���ZHOOV�� ��� ȝ/� DVVD\� EXIIHU��
��� ȝ/� 67;� VWDQGDUG�� 4&� FKHFN�� RU� VDPSOH� H[WUDFW�� ��� ȝ/�
>�+@�67;������ȝ/�PHPEUDQH�SUHSDUDWLRQ��7KH�DVVD\�EXIIHU�LV�
DGGHG�¿UVW�LQ�RUGHU�WR�ZHW�WKH�¿OWHU�PHPEUDQH��,W�LV�FULWLFDO�WR�
FRQWLQXRXVO\�PL[�WKH�PHPEUDQH�SUHSDUDWLRQ�E\�FDUHIXO�XS�DQG�
GRZQ�SLSHWWLQJ�LPPHGLDWHO\�SULRU�WR�GLVSHQVLQJ�LQWR�WKH����ZHOO�
SODWH� WR�PDLQWDLQ� DQ� HYHQ� VXVSHQVLRQ� DFURVV� WKH� HQWLUH� SODWH��
&RYHU�DQG�LQFXEDWH�SODWH�DW���&�IRU���K�
�F�� $VVD\� ¿OWUDWLRQ�²$WWDFK� WKH� YDFXXP� PDQLIROG� WR� WKH�

YDFXXP�SXPS�ZLWK�DQ�LQ�OLQH�VLGH�DUP�ÀDVN�WR�FDWFK�¿OWUDWH�IURP�
WKH�SODWH�¿OWUDWLRQ�SURFHVV��6HW�WKH�YDFXXP�SUHVVXUH�JDXJH�RQ�
WKH�SXPS�RU�YDFXXP�PDQLIROG�WR��±�Ǝ�+J�����±����PLOOLEDU���
DV� VSHFL¿HG� LQ� WKH� LQVWUXFWLRQV� SURYLGHG� ZLWK� WKH� ¿OWUDWLRQ�
SODWHV��3ODFH� WKH����ZHOO�SODWH�RQ� WKH�YDFXXP�PDQLIROG��)LOO�
HPSW\� ZHOOV� ZLWK� ���� �/�0236�FKROLQH� FKORULGH� EXIIHU� WR�

7DEOH� �������%�� 6XPPDU\�VWDWLVWLFV�RQ�EOLQG�GXSOLFDWHV��UXQ�LQ�VHSDUDWH�DVVD\V��YDOXHV�DUH�LQ�ȝJ�67;�GL+&O�
HTXLY��NJ�

0/9�� 0/9�� 0/9�� 0/9�� 0/9��

$YJ�/DE $VVD\�� $VVD\�� � $VVD\�� $VVD\�� � $VVD\�� $VVD\�� � $VVD\�� $VVD\�� � $VVD\�� $VVD\��

� ��� ��� ���� ���� ���� ���� ��� ��� ��� ���

� ��� ��� ���� ���� ���� ���� ��� ���� ��� ���

� ��� ��� ���� ���� ���� ���� ��� ���� ��� ���

� ��� ��� ���� ��� ���� ���� ��� ��� ��� ���

� ��� ��� ���� ���� ���� ���� ��� ���� ��� ���

� ���� ��� ���� ���� ���� ���� ���� ���� ��� ���

� ��� ��� ���� ���� ���� ���� ���� ���� ���D ����D

� ��� ��� ���� ��� ���� ���� ��� ���� ��� ���

� ��� ��� ��� ���� ��� ��� ��� ��� ��� ���

��$YJ� ��� ���� ���� ���� ���

��6U ��� ��� ��� ��� ��

��65 ��� ��� ��� ��� ���

��56'U��� ���� ���� ���� ���� ���� ����

��56'5�� ���� ���� ���� ���� ���� ����

��+RU5DW � ��� � � ��� � � ��� � � ��� � � ��� ���
D� 2XWOLHU��QRW�XVHG�LQ�FDOFXODWLRQ�
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HQVXUH� HYHQ� YDFXXP�SUHVVXUH� DQG�¿OWUDWLRQ� DFURVV� WKH� SODWH��
7XUQ� RQ� YDFXXP�� 2SWLPXP� YDFXXP� ZLOO� SXOO� WKH� ZHOOV� WR�
GU\QHVV� LQ��±�� V��3XOO� FRQWHQWV�RI� DOO�ZHOOV� WKURXJK�XQWLO� DOO�
OLTXLG�LV�UHPRYHG���1RWH��7RR�ORZ�D�YDFXXP�ZLOO�UHVXOW�LQ�VORZ�
ZHOO� FOHDUDQFH��EXW� WRR�KLJK�ZLOO� UHVXOW� LQ� DQ�DLUORFN�DQG�QR�
ZHOO� FOHDUDQFH���:LWK� YDFXXP� SXPS� UXQQLQJ�� TXLFNO\� ULQVH�
HDFK�ZHOO�WZLFH�ZLWK�����ȝ/�LFH�FROG�0236�FKROLQH�FKORULGH�
EXIIHU�XVLQJ�PXOWLFKDQQHO�SLSHW��0DLQWDLQ�YDFXXP�XQWLO�OLTXLG�
LV�UHPRYHG�
�G�� 3UHSDUDWLRQ� RI� WKH� DVVD\� IRU� FRXQWLQJ�²5HPRYH� WKH�

SODVWLF�ERWWRP�IURP�WKH�SODWH��%ORW�WKH�ERWWRP�RQFH�RQ�DEVRUEHQW�
WRZHOLQJ�
���� )RU� FRXQWLQJ� LQ� PLFURSODWH� VFLQWLOODWLRQ� FRXQWHU�²

3ODFH� WKH� PLFURSODWH� LQ� D� FRXQWLQJ� FDVVHWWH�� 6HDO� WKH� ERWWRP�
RI� WKH� ���ZHOO� SODWH�ZLWK� VHDOLQJ� WDSH��$GG� ��� ȝ/�2SWLSKDVH�
VFLQWLOODWLRQ�FRFNWDLO�SHU�ZHOO�XVLQJ�PXOWLFKDQQHO�SLSHW��6HDO�WKH�
WRS�RI�WKH�SODWH�ZLWK�VHDOLQJ�WDSH��$OORZ�WR�LQFXEDWH����PLQ�DW�
URRP� WHPSHUDWXUH�� 3ODFH� WKH� SODWH� LQ� D� FRXQWLQJ� FDVVHWWH� DQG�
FRXQW�LQ�D�PLFURSODWH�VFLQWLOODWLRQ�FRXQWHU�IRU���PLQ�ZHOO�
���� )RU� FRXQWLQJ� LQ� WUDGLWLRQDO� VFLQWLOODWLRQ� FRXQWHU�²3ODFH�

WKH�PLFURSODWH�LQ�WKH�0XOWL6FUHHQ�SXQFK�V\VWHP�DSSDUDWXV��3ODFH�
WKH� GLVSRVDEOH� SXQFK� WLSV� RQ� WRS� RI� WKH�PLFURSODWH�� 3XQFK� WKH�
¿OWHUV� IURP� WKH�ZHOOV� LQWR� VFLQWLOODWLRQ�YLDOV�DQG�¿OO�ZLWK���P/�
VFLQWLOODWLRQ� FRFNWDLO� �6FLQWLYHUVH� RU� HTXLYDOHQW��� 3ODFH� FDSV� RQ�
WKH�YLDOV�DQG�YRUWH[��$OORZ�YLDOV�WR�VLW�RYHUQLJKW�LQ�WKH�GDUN��WKHQ�
FRXQW�XVLQJ�D�WULWLXP�ZLQGRZ�LQ�D�WUDGLWLRQDO�VFLQWLOODWLRQ�FRXQWHU�
*�� $QDO\VLV�RI�'DWD

)RU� DVVD\V� SHUIRUPHG� XVLQJ� WKH� WUDGLWLRQDO� FRXQWHU�� FXUYH�
¿WWLQJ� LV� SHUIRUPHG� XVLQJ� D� IRXU�SDUDPHWHU� ORJLVWLF� ¿W�� DOVR�
NQRZQ�DV�D�VLJPRLGDO�GRVH�UHVSRQVH�FXUYH��YDULDEOH�VORSH��VHH�
)LJXUH�����������RU�+LOO�HTXDWLRQ�

� ൌ ���൅ ��� െ ���
ͳ ൅ ͳͲሺ୶ି୪୭୥ȉ୉େହ଴�ୌ୧୪୪�ୱ୪୭୮ୣሻ��

ZKHUH�PD[�LV�WKH�WRS�SODWHDX�UHSUHVHQWLQJ�PD[LPXP�ELQGLQJ�
LQ�&30� LQ� WKH� DEVHQFH� RI� FRPSHWLQJ� QRQUDGLRODEHOHG� 67;��
DOVR� NQRZQ� DV� %R�� PLQ� LV� WKH� ERWWRP� SODWHDX�� HTXDO� WR�
QRQVSHFL¿F� ELQGLQJ� �LQ� &30�� LQ� WKH� SUHVHQFH� RI� VDWXUDWLQJ�
QRQUDGLRODEHOHG� WR[LQ�� ,&��� LV� WKH� LQKLELWRU\� FRQFHQWUDWLRQ�
DW� ZKLFK� &30� DUH� ���� RI� PD[�PLQ� �GDVKHG� OLQHV�� )LJXUH�
���������� +LOO� VORSH� LV� WKH� VORSH� RI� WKH� FXUYH�� [� D[LV� LV� WKH�
ORJ�FRQFHQWUDWLRQ�RI�67;��DQG�\� D[LV� LV� WRWDO� OLJDQG�ELQGLQJ�
LQ�&30��KHUH� UHSUHVHQWHG�DV�%�%R��RU�ERXQG�PD[�ERXQG���$�
FXUYH�¿WWLQJ�SDFNDJH�VXFK�DV�3ULVP��*UDSK3DG�6RIWZDUH��,QF���
LV� UHFRPPHQGHG�� )RU� WKH�PLFURSODWH� FRXQWHU� XVHUV�� UHFHSWRU�

7DEOH� �������&�� 3HUIRUPDQFH�RI�LQGLYLGXDO�ODERUDWRULHV�RQ�
EOLQG�GXSOLFDWHV��YDOXHV�DUH�LQ�ȝJ�67;�GL+&O�HTXLY��NJ�

/DE ,' 'D\�� 'D\�� 0HDQ VU 56'U���

� 0/9�� ��� ��� ��� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ��� ��� ��� �� ���

0/9�� ��� ��� ��� ��� ����

��$YJ� ����

� 0/9�� ��� ��� ��� �� ���

0/9�� ���� ���� ���� ��� ���

0/9�� ���� ���� ���� � ���

0/9�� ��� ���� ��� ��� ����

0/9�� ��� ��� ��� �� ���

��$YJ� ����

� 0/9�� ��� ��� ��� ��� ����

0/9�� ���� ���� ���� �� ���

0/9�� ���� ���� ���� �� ���

0/9�� ��� ���� ���� ��� ����

0/9�� ��� ��� ��� �� ���

��$YJ� ����

� 0/9�� ��� ��� ��� �� ���

0/9�� ���� ��� ���� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ��� ��� ��� �� ���

0/9�� ��� ��� ��� �� ����

��$YJ� ����

� 0/9�� ��� ��� ��� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ���� ���� ���� �� ���

0/9�� ��� ���� ���� ��� ����

0/9�� ��� ��� ��� �� ����

��$YJ� ����

� 0/9�� ���� ��� ��� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ��� ��� ��� �� ����

��$YJ� ����

� 0/9�� ��� ��� ��� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ���D ����D

��$YJ� ����

� 0/9�� ��� ��� ��� ��� ����

0/9�� ���� ��� ���� ��� ����

0/9�� ���� ���� ���� ��� ����

0/9�� ��� ���� ��� ��� ����

0/9�� ��� ��� ��� ��� ����

��$YJ� ����

7DEOH� �������&�� �FRQWLQXHG�

/DE ,' 'D\�� 'D\�� 0HDQ VU 56'U���

� 0/9�� ��� ��� ��� �� ���

0/9�� ��� ���� ���� ��� ����

0/9�� ��� ��� ��� �� ���

0/9�� ��� ��� ��� ��� ����

0/9�� ��� ��� ��� �� ����

��$YJ� ����

��2YHUDOO�
DYJ� � � � � � ����

D� 2XWOLHU��QRW�XVHG�LQ�FDOFXODWLRQV�
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DVVD\�DSSOLFDWLRQV�SURYLGHG�E\�WKH�PDQXIDFWXUHU�PD\�EH�XVHG�
�H�J���0XOWL&DOF��3HUNLQ(OPHU�:DOODF��*DLWKHUVEXUJ��0'��
�D�� 6DPSOH� TXDQWL¿FDWLRQ�²6DPSOH� TXDQWL¿FDWLRQ� LV�

FDUULHG�RXW�RQO\�RQ�GLOXWLRQV�WKDW�IDOO�ZLWKLQ�%�%R�RI����±�����
ZKHUH� %� UHSUHVHQWV� WKH� ERXQG� >�+@67;� �LQ� &30�� LQ� WKH�
VDPSOH�DQG�%R�UHSUHVHQWV�WKH�PD[�ERXQG�>

�+@67;��LQ�&30���
:KHUH�PRUH�WKDQ�RQH�GLOXWLRQ�IDOOV�ZLWKLQ�%�%R�RI����±����RQ�
WKH�FXUYH��DOO�VDPSOH�ZHOOV�FRUUHVSRQGLQJ�WR�WKHVH�GLOXWLRQV�DUH�
XVHG�WR�FDOFXODWH�VDPSOH�FRQFHQWUDWLRQ��6DPSOH�FRQFHQWUDWLRQ�
LV� FDOFXODWHG� LQ� ȝJ� 67;� GL+&O� HTXLY��NJ� VKHOO¿VK�� IURP� WKH�
LQ�ZHOO� Q0� FRQFHQWUDWLRQ� REWDLQHG� IURP� WKH� FXUYH� ¿WWLQJ�
VRIWZDUH�XVLQJ�WKH�IROORZLQJ�IRUPXODV�

ሺ������������ሻ ൈ ሺ���������������ሻ ൈ ሺʹͳͲ�ȝ��������������ሻ͵ͷ�ȝ�������� �
��������������������������ൌ �����������������������

ሺ������������������Ǥ ����������ሻ ൈ ͳ��
ͳͲͲͲ��� ൈ

͵͹ʹ���
���� ൈ

ͳ�ρ�
ͳͲͲͲ����

��������������������������ൌ ρ�����������������ǤȀ��

�

ρ�����������������ǤȀ�� ൈ ୫୐�ୣ୶୲୰ୟୡ୲
୥�ୱ୦ୣ୪୪ϐ୧ୱ୦ ൈ

ଵ଴଴଴�୥
୩୥ ൌ ρ�����������������ǤȀ��

+�� $VVD\�3HUIRUPDQFH�6WDQGDUGV

7KH�IROORZLQJ�FULWHULD�PXVW�EH�PHW�IRU�DVVD\�DFFHSWDQFH�

7DEOH� �������'�� &DOLEUDWLRQ�FXUYH�DQG�4&�FKHFN�SDUDPHWHUV�LQ�WKUHH�UHFHSWRU�ELQGLQJ�DVVD\V�SHUIRUPHG�LQ�
QLQH�SDUWLFLSDQW�ODERUDWRULHV

/DE
$VVD\�
GD\ 6ORSH

,&���
Q0

4&��
Q0

5HIHUHQFH��
&30

,&���
Q0

6WDQGDUGV�ZKHUH�56'�
!�����DFWLRQ

&XUYH�¿WWLQJ�
VRIWZDUH

6FLQWLOODWLRQ�
FRXQWHU

0DQXDO�
PLFURSODWH

� � ±��� ��� ��� ��� ���� 1RQH 3ULVP�Y����� 3DFNDUG�7RS�
&RXQW

0LFURSODWH

� ±��� ��� ��� ��� ���� 1RQH

� ±��� ��� ��� ���� ���� 1RQH

� � ±��� ��� ��� ���� ���� ��Q0����ZHOO�UHPRYHG 3ULVP�Y���� 3DFNDUG�7RS�
&RXQW

0LFURSODWH

� ±��� ��� ��� ���� ���� 1RQH

� ±��� ��� ��� ���� ���� ��Q0����Q0�UHPRYHG

� � ±��� ��� ��� ���� ���� )LUVW�FROXPQ�UHPRYHG 3ULVP�Y���� :DOODF�0LFUREHWD 0LFURSODWH

� ±��� ��� ��� ���� ���� �����Q0����ZHOO�UHPRYHG

� ��� ��� ��� ���� ���� 1RQH

� � ±��� ��� ��� ���� ���� 1RQH 3ULVP�Y����� 3HUNLQ(OPHU�
7ULFDUE

0DQXDO

� ±��� ��� ���D ���� ���� 1RQH

� ±��� ��� ��� ���� ���� ���Q0��������ZHOO�UHPRYHG

� � ±��� ��� ��� ���� ���� ����Q0����ZHOO�UHPRYHG 0XOWL&DOF :DOODF�0LFUREHWD 0LFURSODWH

� ±��� ��� ��� ���� ���� ����Q0�DQG����Q0����ZHOO�
UHPRYHG

� ±��� ��� ��� ���� ���� 1RQH

� � ±��� ��� ��� ��� ���� 1RQH 3ULVP�Y���� :DOODF�0LFUREHWD 0LFURSODWH

� ±��� ��� ���E ���� ���� 1RQH

� ±��� ��� ���E ���� ����F 1RQH

� � ±��� ��� ���D ��� ���� 1RQH 3ULVP :DOODF�0LFUREHWD 0LFURSRODWH

� ±��� ��� ��� ��� ���� 1RQH

� ±��� ��� ���D ��� ���� 1RQH

� � ±��� ��� ��� ���� ���� 1RQH 3ULVP :DOODF�0LFUREHWD 0LFURSODWH

� ±��� ��� ���E ���� ���� 1RQH

� ±��� ��� ��� ��� ���� 1RQH

� � ±��� ��� ���E ���� ���� 1RQH 3ULVP :DOODF�0LFUREHWD 0LFURSODWH

� ±��� ��� ��� ���� ���� ����Q0������OHIW�LQ

� � ±��� ��� ��� ���� ���� 1RQH � � �
D� 2QH�ZHOO�UHPRYHG�
E� 2XWVLGH�RI�VSHFL¿FDWLRQV�
F� 2XWOLHU�E\�*UXEEV�WHVW�
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�D�� )RU�D� OLJDQG�WKDW�VSHFL¿FDOO\�ELQGV�DW�RQH�UHFHSWRU�VLWH��
WKH�VORSH�RI�WKH�UHVXOWLQJ�FRPSHWLWLRQ�FXUYH�VKRXOG�WKHRUHWLFDOO\�
EH�±����� ,I� WKH�VORSH�RI� WKH�FXUYH�IRU�D�JLYHQ�DVVD\� LV�RXWVLGH�
RI� WKH�DFFHSWDEOH� UDQJH�RI�±���� WR�±����� OLQHDULW\�RI� WKH�DVVD\�
ZLOO�EH�FRPSURPLVHG�DQG�TXDQWL¿FDWLRQ�RI� WKH�XQNQRZQV�ZLOO�
EH�LQFRUUHFW�
�E�� 56'V�RI�WULSOLFDWH�&30V�IRU�VWDQGDUGV�VKRXOG�EH�EHORZ�

����DV�YDULDELOLW\�PD\�DIIHFW�WKH�VORSH�FDOFXODWLRQ�DQG�WKHUHE\�
TXDQWL¿FDWLRQ�RI�VDPSOHV�
�F�� ,I�WKH�,&���LV�RXW�RI�WKH�DFFHSWDEOH�UDQJH������Q0��������

WKHQ�WKH�DVVD\�VKRXOG�EH�FRQVLGHUHG�VXVSHFW�DQG�UHUXQ��DV�D�VKLIW�
LQ� WKH�FXUYH�ZLOO� UHVXOW� LQ�RYHU��RU�XQGHUHVWLPDWLRQ�RI�VDPSOH�
FRQFHQWUDWLRQV�
�G�� 4&� FKHFN� VKRXOG� EH� �� Q0� 67;� �� ���� �LQ�ZHOO�

FRQFHQWUDWLRQ��� $VVD\V� ZLWK� D� 4&� FKHFN� VDPSOH� RXW� RI�
VSHFL¿FDWLRQV�VKRXOG�WULJJHU�D�FKHFN�RI�WKH�,&���YDOXH�
7KH� IROORZLQJ� FULWHULD� PXVW� EH� PHW� IRU� DFFHSWDELOLW\� RI� D�

VDPSOH�PHDVXUHPHQW�
�D�� 6DPSOH�TXDQWL¿FDWLRQ�VKRXOG�EH�GRQH�RQO\�RQ�GLOXWLRQV�

WKDW� IDOO�ZLWKLQ�%�%R� RI� ���±����� ,Q� WKH� HYHQW� WKDW� DOO� VDPSOH�
GLOXWLRQV� IDOO� EHORZ�%�%R����� �L�H��� FRQFHQWUDWLRQ� LV� WRR� KLJK���
IXUWKHU�GLOXWLRQV�PXVW�EH�PDGH�DQG�WKH�VDPSOH�UHDQDO\]HG��,Q�WKH�
HYHQW�WKDW�WKH�VDPSOH�FRQFHQWUDWLRQ�LV�WRR�ORZ�WR�EH�TXDQWL¿HG�
�L�H���%�%R�!�������WKH�VDPSOH�LV�UHSRUWHG�DV�EHORZ�/2'��,I�PRUH�

7DEOH� �������(�� 5HVXOWV�RI�WKH�UHFHSWRU�ELQGLQJ�DVVD\��5%$���PRXVH�ELRDVVD\��0%$���DQG�+3/&�DQDO\VHV�RI�
���VKHOO¿VK�H[WUDFWV��VRUWHG�E\�PRXVH�ELRDVVD\�YDOXH��DOO�YDOXHV�DUH�LQ�ȝJ�67;�GL+&O�HTXLY��NJ�VKHOO¿VK�WLVVXH��
UHVXOWV�LQ�EROG�LQGLFDWH�WR[LFLW\�DERYH�WKH�����ȝJ�67;�GL+&O�HTXLY��NJ�UHJXODWRU\�OLPLW��DOO�RWKHU�UHVXOWV�LQGLFDWH�
WR[LFLW\�EHORZ�WKH�UHJXODWRU\�OLPLW�

6DPSOH /DE�� /DE�� /DE�� /DE�� /DE�� /DE�� /DE�� /DE�� /DE�� 5%$��DYJ� +3/& 0%$

�� 1'D 1' 1' 1' 1' 1' 1' 1' 1' 1' 1' 1'

� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� 1'

�� ��� ��� ��� ��� ��� ��� ��� ����E �� ��� ��� ���

�� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���

�� ��� ��� ��� ��� ��� ��� ����E ��� ��� ��� ��� ���

�� ��� ����E ��� ��� ��� ��� ��� ��� ��� ��� ��� ���

� ��� ��� ��� ��� ��� ����E ���E ��� ��� ��� ��� ���

�� ��� ��� ��� ��� ��� ��� ���E ���E ��� ��� ��� ���

� �� ��� ��� �� ��� ��� ��� ��� ��� ��� ��� ���

� ��� ��� ���� ���� ���� ��� ���� ���� ��� ���� ��� ���

� ��� ��� ���� ��� ��� ���� ���� ���� ��� ��� ��� ���

� ���� ���� ���� ���� ���� ���� ���� ���� ��� ���� ��� ���

�� ���� ���� ���� ��� ���� ���� ���� ��� ���� ���� ��� ���

� ��� ��� ��� ��� ��� ���� ���� ��� ��� ��� ���� ���

�� ��� ���� ���� ��� ���� ���� ���� ���� ��� ���� ���� ���

�� ���� ���� ���� ���� ���� ���� ���� ���� ��� ���� ��� ���

�� ���� ���� ���� ���� ���� ���� ���� ���� ��� ���� ��� ���

� ���� ���� ���� ���� ���� ���� ���� ���� ��� ���� ��� ���

� ��� ���� ���� ���� ���� ���� ���� ��� ��� ���� ��� ���

�� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
�� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
D� 1'� �1RW�GHWHFWHG�
E� 2XWOLHU��QRW�XVHG�LQ�DYHUDJH�FDOFXODWLRQ�

7DEOH� �������)�� 'LOXWLRQ�VHULHV�WR�SUHSDUH�EXON�
VROXWLRQV�IRU�VWDQGDUG�FXUYH

� 6WRFN��0 ,Q�DVVD\��0

�����/��������0�67;��������P/�
� ������0�+&O

��î���±� ��î���±�

�����/���î���±��0�������P/
� ������0�+&O

��î���±� ��î���±�

����P/���î���±��0�������P/
� ������0�+&O

����î���±� ��î���±�

�����/���î���±��0�������P/
� ������0�+&O

��î���±� ��î���±�

�����/�����î���±��0�������P/
� ������0�+&O

����î���±� ��î���±�

�����/���î���±��0�������P/
� ������0�+&O

��î���±� ��î���±�

�����/���î���±��0�������P/
� ������0�+&O

��î���±�� ��î���±��

��P/�������0�+&O � 5HIHUHQFH
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WKDQ�RQH�GLOXWLRQ�IDOOV�RQ�WKH�OLQHDU�SDUW�RI�WKH�FXUYH��DQ�DYHUDJH�
YDOXH�FDOFXODWHG� IURP�DOO�GLOXWLRQV� VKRXOG�EH�XVHG�� ,I� WKHUH� LV�
GLVDJUHHPHQW�EHWZHHQ�GLIIHUHQW�GLOXWLRQV�LQ�¿QDO�FRQFHQWUDWLRQ�
UHSRUWHG��FKHFN�IRU�HUURU�LQ�WKH�VDPSOH�GLOXWLRQ�SURFHVV�
�E��56'�RI�WKH�VDPSOH�&30V�VKRXOG�EH������

5HIHUHQFH��-��$2$&�,QW���������������

5HVXOWV�DQG�'LVFXVVLRQ

6DPSOH�&KDUDFWHUL]DWLRQ

$OO� VKHOO¿VK� KRPRJHQDWHV� �0/9�±���� ZHUH� DQDO\]HG� E\�

+3/&�XVLQJ�WKH�SUHFROXPQ�R[LGDWLRQ�PHWKRG��$2$&�0HWKRG�
���������WR�GHWHUPLQH�WR[LQ�FRQJHQHU�SUR¿OHV�DQG�TXDQWLI\�WRWDO�
367�DV�PJ�67;�GL+&O�HTXLY��NJ�SULRU�WR�LQLWLDWLRQ�RI�WKH�VWXG\�
�7DEOH����� ,W� LV�QRWHZRUWK\� WKDW� WKH�FOHDU�PDMRULW\�RI�VDPSOHV��
LUUHVSHFWLYH�RI� VKHOO¿VK� VSHFLHV�DQG� ORFDWLRQ��ZHUH�GRPLQDWHG�
ODUJHO\� E\� 67;� DQG� *7;���� ZKHUHDV� WKH� 1��K\GUR[\ODWHG�
FRQJHQHUV� 1(2� DQG� *7;���� ZHUH� YLUWXDOO\� DEVHQW�� H[FHSW�
LQ� EOXH� PXVVHO� IURP� WKH� 8�6�� ZHVW� FRDVW�� 7KH� PRVW� XQXVXDO�
SUR¿OH� ZDV� REVHUYHG� LQ� JUHHQ�PXVVHO�� ZKLFK� ZDV� GRPLQDWHG�
E\� WKH�ZHDNO\� WR[LF� 1�VXOIR�FDUEDPR\O� FRQJHQHUV� &����� 7KH�
VDPSOHV�ZHUH�DQDO\]HG�E\�WKH�$2$&�PRXVH�ELRDVVD\��$2$&�
0HWKRG���������E\�WKUHH�ODERUDWRULHV�WKDW�URXWLQHO\�SHUIRUP�WKH�
PRXVH�ELRDVVD\�IRU�UHJXODWRU\�SXUSRVHV��7DEOH�����7KH�PRXVH�
ELRDVVD\�GHWHFWLRQ� OLPLW� LV� DSSUR[LPDWHO\�����PJ�67;�GL+&O�
HTXLY��NJ� �RQH� ODERUDWRU\� UHSRUWHG� YDOXHV� DV� ORZ� DV� ���� PJ�
67;� HTXLY��NJ��� %HFDXVH� WKH� VWXG\� GHVLJQ� LQFOXGHG� VDPSOHV�
WKDW�EUDFNHWHG�WKH�ORZHU�UHJXODWRU\�OLPLW�RI�����PJ�67;�GL+&O�
HTXLY��NJ�� VHYHUDO� VDPSOHV� ZHUH� UHSRUWHG� DV� EHLQJ� EHORZ� WKH�
PRXVH�ELRDVVD\�GHWHFWLRQ�OLPLW��)RU�VDPSOHV�LQ�ZKLFK�DOO�YDOXHV�
ZHUH� DERYH� WKH� GHWHFWLRQ� WKUHVKROG�� WKH� EHWZHHQ�ODERUDWRU\�
56'5�RI�WKH�PRXVH�ELRDVVD\�ZDV�������

'DWD�5HSRUWLQJ�DQG�,QLWLDO�5%$�'DWD�5HYLHZ

1LQH�RI�WKH����ODERUDWRULHV�WKDW�UHFHLYHG�WKH�VWXG\�PDWHULDOV�
FRPSOHWHG� WKH�VWXG\�DQG�UHSRUWHG�UHVXOWV��$OO�QLQH�FDUULHG�RXW�
WKH� SUDFWLFH� DVVD\� DQG� UHSRUWHG� UHVXOWV� WR� WKH� FRRUGLQDWLQJ�
ODERUDWRU\��ZKLFK�HYDOXDWHG�WKH�UHVXOWV�DQG�SURYLGHG�IHHGEDFN�
WR�WKH�SDUWLFLSDWLQJ�ODERUDWRULHV�EHIRUH�LQLWLDWLQJ�WKH�IXOO�VWXG\��
)ROORZLQJ� FRPSOHWLRQ� RI� WKH� IXOO� VWXG\�� WKH� SDUWLFLSDWLQJ�
ODERUDWRULHV� SURYLGHG� DOO� UDZ� DQG� FDOFXODWHG� GDWD� IRU� HDFK� RI�

)LJXUH� ��������� 6LJPRLGDO�GRVH�UHVSRQVH�FXUYH��
'DVKHG�OLQHV�LQGLFDWH�ORJ�,&���

7DEOH� �������*�� 5HFRPPHQGHG�PLFURSODWH�OD\RXW�IRU�HDVH�RI�KDQGOLQJ�WULSOLFDWH�ZHOOV�RI�VWDQGDUG�FXUYH��4&�
FKHFN�VDPSOH��DQG�XQNQRZQ�VDPSOHV��HDFK�VDPSOH�LV�UXQ�DW�WKUHH�GLOXWLRQV����������������������VWDQGDUG�FXUYH�
LV�UXQ�LQ�FROXPQV��±���YDOXHV�DUH�LQ�0�67;�D

0LFURSODWH�FROXPQ

0LFURSODWH�
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D� �5()� �5HIHUHQFH��4&� �TXDOLW\�FRQWURO�FKHFN��8� �XQNQRZQ�VDPSOH��>1RWH��7KH�VDPH�VWDQGDUG�FXUYH�PD\�EH�XVHG�IRU�PXOWLSOH�
SODWHV��L�H������VDPSOHV�FDQ�EH�UXQ�RQ�VXEVHTXHQW�SODWHV�LQ�D�VHULHV�LI�WKH�VWDQGDUG�FXUYH�LV�QRW�LQFOXGHG��@
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WKH� WKUHH� DVVD\V� SHUIRUPHG� YLD� H�PDLO� WR� WKH� FRRUGLQDWLQJ�
ODERUDWRU\��7KH�FDOFXODWHG�UHVXOWV�VKHHWV�ZHUH�UHYLHZHG�E\�WKH�
FRRUGLQDWLQJ�ODERUDWRU\�IRU�REYLRXV�HUURUV� LQ�VDPSOH�GLOXWLRQV�
DQG�FDOFXODWLRQV��DQG�IRU�WKH�XVH�RI�WKH�SUHVFULEHG�FXUYH�¿WWLQJ�
PRGHO��2QH�ODERUDWRU\�XVHG�D�VLJPRLGDO�FXUYH�¿WWLQJ�PRGHO�ZLWK�
WKH�VORSH�VHW�WR����RQH�VLWH�ELQGLQJ�FXUYH�LQ�3ULVP���UDWKHU�WKDQ�
WKH�SUHVFULEHG�IRXU�SDUDPHWHU�ORJLVWLF�¿W��,Q�WKLV�FDVH��WKH�UDZ�
GDWD�ZHUH�UHDQDO\]HG�E\�WKH�FRRUGLQDWLQJ�ODERUDWRU\�XVLQJ�WKH�
SUHVFULEHG�PHWKRG��2EYLRXV�HUURUV�LQ�FDOFXODWLRQ�ZHUH�FRUUHFWHG��
VXFK� DV� DFFRXQWLQJ� IRU� WKH� WZR�IROG� VDPSOH�GLOXWLRQ� UHVXOWLQJ�
IURP� WKH� H[WUDFWLRQ� SURFHVV�� ,Q� VRPH� FDVHV�� WKH� SDUWLFLSDWLQJ�
ODERUDWRU\� FDUULHG� RXW� D� IRXUWK� DVVD\� GXH� WR� YDULDELOLW\� RU�
LQFRQVLVWHQF\� DPRQJ� GLOXWLRQV� IRU� VHOHFWHG� VDPSOHV�� ,Q� WKHVH�
FDVHV�� WKH� YDOXH� UHSRUWHG� IURP� WKH� UHSHDW� �IRXUWK�� DVVD\� ZDV�
XVHG��2QH�ODERUDWRU\�KDG�FRQVLVWHQW�GLVDJUHHPHQW�EHWZHHQ�WKH�
�����DQG�������GLOXWLRQV�ZKHQ�ERWK� IHOO�ZLWKLQ�%�%R����±�����
,Q� DOO� FDVHV� WKH� ������ GLOXWLRQ� RYHUHVWLPDWHG� DOPRVW� WZR�IROG�
UHODWLYH� WR� WKH� ����� GLOXWLRQ�� VXJJHVWLQJ� D� V\VWHPDWLF� GLOXWLRQ�
HUURU�� ,Q� VWDQGDUG� SUDFWLFH�� WKHVH� VDPSOHV� VKRXOG� EH� UHUXQ��
+RZHYHU�� WKH�LQVWUXFWLRQV�GLG�QRW�GLUHFW� WKH�SDUWLFLSDQWV� WR�GR�
VR��7KHUHIRUH��ZKHUH�WKHUH�ZDV�FRUURERUDWLYH�HYLGHQFH�IRU�WKH�
YDOXH�UHSRUWHG�E\�WKH������GLOXWLRQ��EDVHG�RQ�WKH������GLOXWLRQ��
WKH� ������ GLOXWLRQ� ZDV� RPLWWHG�� :KHUH� WKHUH� ZDV� QR� EDVLV�
RQ� ZKLFK� WR� H[FOXGH� WKH� ������ YDOXH�� DQ� DYHUDJH� YDOXH� ZDV�
FDOFXODWHG��7KLV�WHQGHG�WR�UHVXOW�LQ�DQ�RYHUHVWLPDWH��DQG�LQ�WZR�
FDVHV�UHVXOWHG�LQ�VWDWLVWLFDO�RXWOLHUV�

2YHUDOO�3HUIRUPDQFH�RI�WKH�0HWKRG��5HSURGXFLELOLW\

7DEOH� �������$� VXPPDUL]HV� WKH� UHVXOWV� REWDLQHG� IRU� ���
LQGLYLGXDO�VKHOO¿VK�VDPSOHV�DQDO\]HG�LQ�WKUHH�5%$V��GHWHUPLQHG�
E\�QLQH�SDUWLFLSDWLQJ�ODERUDWRULHV��6DPSOHV��±��ZHUH�DQDO\]HG�
LQ�WKH�¿UVW�DVVD\��VDPSOHV��±���LQ�WKH�VHFRQG�DVVD\��DQG�VDPSOHV�
��±���LQ�WKH�WKLUG�DVVD\��$PRQJ�WKHVH�VDPSOHV�ZHUH�¿YH�EOLQG�
GXSOLFDWHV�� WUHDWHG� KHUH� DV� LQGLYLGXDO� XQNQRZQ� VDPSOHV�� 2QH�
VDPSOH��PDUNHG�E\�DQ�IRRWQRWH�D�LQ�7DEOH��������$��KDG�D�KLJK�
YDULDELOLW\� LQ�&30�EHWZHHQ�ZHOOV� WKDW�ZDV�QRW�DWWULEXWDEOH� WR�
DQ\� NQRZQ� FDXVH�� DQG�ZDV�� WKHUHIRUH�� RPLWWHG� IURP� DQDO\VLV��
2XWOLHUV�LGHQWL¿HG�E\�*UXEEV�WHVW��3���������ZHUH�H[FOXGHG�IURP�
WKH� DQDO\VLV� �PDUNHG� E\� IRRWQRWH� E� LQ� 7DEOH� �������$��� 7KH�
RYHUDOO�56'5�DPRQJ�DOO���� LQGHSHQGHQW� VDPSOHV�ZDV��������
UHVXOWLQJ�LQ�DQ�DYHUDJH�+RU5DW�YDOXH�RI������7DEOH��������$���
7KH�+RU5DW�YDOXHV�RQ� LQGLYLGXDO� VDPSOHV� UDQJHG� IURP����� WR�
�����ZLWK�D�PHGLDQ�YDOXH�RI������7KHUH�ZDV�QR�DSSDUHQW� WUHQG�
LQ�UHSURGXFLELOLW\�DFFRUGLQJ�WR�VDPSOH�FRQFHQWUDWLRQ�RU�DPRQJ�
VKHOO¿VK�VSHFLHV��,I�RQO\�WKH�ODERUDWRULHV�WKDW�DUH�URXWLQH�XVHUV�RI�
WKH�5%$�IRU�367��/DERUDWRULHV��±���DUH�LQFOXGHG�LQ�WKH�DQDO\VLV��
WKH�DYHUDJH�56'5�LV��������UHVXOWLQJ�LQ�DQ�DYHUDJH�+RU5DW�YDOXH�
RI������/DERUDWRU\���WHQGHG�WR�UHSRUW�WKH�ORZHVW�YDOXHV�DPRQJ�
WKH�SDUWLFLSDWLQJ�ODERUDWRULHV�����RI����VDPSOHV���DQG�DOWKRXJK�
LWV� LQGLYLGXDO� VDPSOH� YDOXHV� ZHUH� QRW� IRXQG� WR� EH� VWDWLVWLFDO�
RXWOLHUV�� UHPRYLQJ� WKH� UHVXOWV� RI� WKLV� ODERUDWRU\� UHGXFHV� DOO�
EXW�RQH�+RU5DW�YDOXH��ZKLFK�UHPDLQV�XQFKDQJHG���\LHOGLQJ�DQ�
DYHUDJH�+RU5DW�YDOXH�RI������UDQJH����±�����7DEOH��������$���
5HPRYDO� RI� DQ\� RWKHU� VLQJOH� ODERUDWRU\¶V� UHVXOWV� GRHV� QRW�
DSSUHFLDEO\�FKDQJH�WKH�RYHUDOO�VWXG\�SHUIRUPDQFH��7KH�UHDVRQ�
IRU� WKH� V\VWHPDWLFDOO\� ORZ� YDOXHV� UHSRUWHG� E\� /DERUDWRU\� ��
LV�QRW� FOHDU�� VLQFH� WKH� DVVD\�SDUDPHWHUV� IDOO�ZHOO�ZLWKLQ� WKRVH�
UHSRUWHG�E\�WKH�RWKHU�ODERUDWRULHV��*LYHQ�WKDW�DVVD\�SDUDPHWHUV�
DUH�ZLWKLQ�QRUPDO�UDQJH��RQH�SRVVLEOH�VRXUFH�RI�V\VWHPDWLF�HUURU�

FRXOG� EH� LQFRPSOHWH� H[WUDFWLRQ� RU� S+� DGMXVWPHQW� RI� H[WUDFWV��
HLWKHU�RI�ZKLFK�ZRXOG�UHVXOW�LQ�ORZHU�WR[LFLW\�YDOXHV�
$� FRPSDULVRQ� RI� WKH� 5%$� UHSURGXFLELOLW\� ZLWK� WKDW� RI�

H[LVWLQJ� $2$&� 2I¿FLDO� 0HWKRGV� LV� LQVWUXFWLYH�� 7KH� $2$&�
FROODERUDWLYH�VWXG\�RI�WKH�PRXVH�ELRDVVD\�������ZKLFK�HQWDLOHG�
WKH� DQDO\VLV� RI� VHYHQ� VDPSOHV� UHSUHVHQWLQJ� WKUHH� OHYHOV� RI�
67;�VSLNHG� VKHOO¿VK�E\����SDUWLFLSDWLQJ� ODERUDWRULHV�� \LHOGHG�
D� VLPLODU� DYHUDJH� 56'5� RI� ����� 0RUH� UHFHQW� SUR¿FLHQF\�
WHVWV�RI�WKH�PRXVH�ELRDVVD\�SHUIRUPHG�LQ�(XURSHDQ�UHJXODWRU\�
ODERUDWRULHV� UHSRUW�56'5� RI� ���±������RQ� WKUHH� VDPSOHV� UXQ�
E\� HLJKW� ODERUDWRULHV� ���� DQG� 56'5� RI� ����±������ RQ� WZR�
VDPSOHV� UXQ� E\� ��� ODERUDWRULHV� ������ 7KH� PRXVH� ELRDVVD\�
56'5�YDOXHV�REWDLQHG�LQ�WKH�FXUUHQW�VWXG\�UDQJHG�IURP�����WR�
�������DYHUDJH������IRU�WKUHH�ODERUDWRULHV��7KH�FROODERUDWLYH�
VWXGLHV�RI�WKH�+3/&�PHWKRGV�UHSRUW�UHSURGXFLELOLW\�YDOXHV�IRU�
LQGLYLGXDO�367�FRQJHQHUV��EXW�GR�QRW�UHSRUW�UHSURGXFLELOLW\�RI�
WKH�FRPSRVLWH�WR[LF�SRWHQF\�YDOXHV��&ROODERUDWLYH�VWXG\�RI�WKH�
SUHFROXPQ�R[LGDWLRQ�+3/&�PHWKRG��$2$&�0HWKRG����������
UHVXOWHG� LQ� DQ� DYHUDJH� 56'5� RI� ������ DQG�+RU5DW� YDOXH� RI�
���� �UDQJH� ���±����� IRU� 67;� IROORZLQJ� &��� FOHDQXS�� EXW� WKH�
UHSURGXFLELOLW\�RI�RWKHU�FRQJHQHUV�YDULHG�FRQVLGHUDEO\��ZLWK�WKH�
PD[LPXP�+RU5DW� YDOXH� ������� H[FHHGLQJ� WKH� KLJKHVW� +RU5DW�
YDOXH�REWDLQHG�E\�5%$�������
%HFDXVH� FRPSRVLWH� WR[LF�SRWHQF\�YDOXHV�ZHUH�QRW� UHSRUWHG�

LQ� WKH� VWXGLHV� RI� WKH�+3/&�PHWKRGV�� LW� LV� XQFHUWDLQ� KRZ� WKLV�
YDULDELOLW\� LQÀXHQFHV� WKH� FRPSRVLWH� WR[LF� SRWHQF\� FDOFXODWHG�
IURP�WKHVH�PHWKRGV��7KH�DYHUDJH�DQG�UDQJHV�RI�+RU5DW�YDOXHV�
REWDLQHG� IRU� GLIIHUHQW� FRQJHQHUV� ZHUH�� QHR67;±���� �UDQJH�
���±������ GF67;±���� �UDQJH� ���±������ *7;���±���� �UDQJH�
���±������*7;���±�����UDQJH����±������%�±�����UDQJH����±������
DQG�&���±�����UDQJH����±������%HFDXVH�RI�WKH�YDULDELOLW\�REWDLQHG�
LQ� QHR67;��*7;����� &����� DQG� %���$2$&�0HWKRG� ��������
FDOOV� IRU� D� VHFRQG� 63(�&22+� FOHDQXS� RI� VDPSOHV� VXVSHFWHG�
RI� FRQWDLQLQJ� WKHVH� FRQJHQHUV�� DIWHU� ZKLFK� UHSURGXFLELOLW\�
LPSURYHG�VRPHZKDW��QHR67;±�����UDQJH����±������*7;���±����
�UDQJH����±������DQG�&���±�����UDQJH����±������7KH�SRVWFROXPQ�
R[LGDWLRQ�+3/&�PHWKRG��$2$&�0HWKRG����������UHSRUWHG�DQ�
DYHUDJH�+RU5DW�YDOXH�RI�����IRU�67;��,Q�WKLV�PHWKRG��QHR67;�
ZLWK�DQ�DYHUDJH�+RU5DW�RI������UDQJH����±�����DQG�*7;��ZLWK�
DQ� DYHUDJH�+RU5DW�RI� ���� �UDQJH����±����� KDG� UHSURGXFLELOLW\�
YDOXHV� WKDW�PD\� DIIHFW� WKH� RYHUDOO� FRPSRVLWH� SRWHQF\� YDOXHV��
7KH�PD[LPXP�+RU5DW� YDOXH� ������ UHSRUWHG� LQ� WKLV� VWXG\� DOVR�
H[FHHGHG�WKH�PD[LPXP�YDOXH�UHSRUWHG�LQ�WKH�5%$�
,Q� VXPPDU\��ZLWK� WKH� UHPRYDO�RI�/DERUDWRU\���� WKH�RYHUDOO�

UHSURGXFLELOLW\� RI� WKH� 5%$� IDOOV� ZLWKLQ� WKH� SHUIRUPDQFH�
PHDVXUHV�DFKLHYHG�E\�WKH�HVWDEOLVKHG�$2$&�2I¿FLDO�0HWKRGV�
IRU� 367�� 7KH� GLIIHUHQFH� LQ� UHSURGXFLELOLW\� DFKLHYHG� E\� WKH�
ODERUDWRULHV�WKDW�DUH�URXWLQH�XVHUV�RI�WKH�DVVD\�DQG�SDUWLFLSDQWV�
ZKR� DUH� QRW� URXWLQH� XVHUV� RI� WKH� PHWKRG� KLJKOLJKWV� WKH�
LPSRUWDQFH�RI�WUDLQLQJ�LI�WKLV�PHWKRG�ZHUH�WR�EH�LPSOHPHQWHG�LQ�
D�UHJXODWRU\�VHWWLQJ�

:LWKLQ�/DERUDWRU\�5HSHDWDELOLW\

:LWKLQ�ODERUDWRU\�YDULDELOLW\��56'U��ZDV�GHWHUPLQHG�RQ�¿YH�
VDPSOHV�WKDW�ZHUH�SURYLGHG�DV�EOLQG�GXSOLFDWHV��3DUWLFLSDQWV�ZHUH�
XQDZDUH�WKDW�EOLQG�GXSOLFDWHV�ZHUH�LQFOXGHG�DPRQJ�WKH�FRGHG�
VDPSOHV� UHFHLYHG�� 7KH� GXSOLFDWH� VDPSOHV� ZHUH� FRGHG� VR� WKDW�
WKH\�ZHUH�DQDO\]HG�LQ�VHSDUDWH�DVVD\V��ZLWK�GLIIHUHQW�GXSOLFDWH�
SDLUV� IDOOLQJ� LQWR� GLIIHUHQW� DVVD\V� �7DEOH� ���� 2QH� RXWOLHU� ZDV�
IRXQG�DPRQJ� WKH� UHVXOWV�RI� WKH�EOLQG�GXSOLFDWHV�E\�&RFKUDQ¶V�
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WHVW��3����������/DERUDWRU\����VDPSOH�0/9����XVLQJ�WKH�$2$&�
,17(51$7,21$/�,QWHUODERUDWRU\�6WXG\�:RUNERRN�IRU�%OLQG�
'XSOLFDWHV�� Y����� $Q� RYHUDOO� 56'U� RI� ������ ZDV� REVHUYHG��
ZLWK� DQ� 56'5� RI� ������� \LHOGLQJ� D� +RU5DW� YDOXH� RI� �����
VLPLODU�WR�WKDW�RI�WKH�RYHUDOO�VWXG\��7DEOH��������%���:KHQ�WKH�
SHUIRUPDQFH�RI�LQGLYLGXDO�ODERUDWRULHV�ZDV�HYDOXDWHG�VHSDUDWHO\��
WKH� DYHUDJH� 56'U� ZDV� ������� ZLWK� LQGLYLGXDO� ODERUDWRULHV�
YDU\LQJ� IURP������ WR� ������ �7DEOH��������&���5RXWLQH�XVHUV�
RI� WKH�PLFURSODWH� IRUPDW�RI� WKH�367�5%$� �/DERUDWRULHV��±���
REWDLQHG� DQ� DYHUDJH�56'U�RI� �������ZKLFK� LV� VLPLODU� WR� WKDW�
REWDLQHG� LQ� WKH�6/9�VWXG\� ������ DQG� ORZHU� WKDQ� WKDW�REWDLQHG�
E\�QRQURXWLQH�XVHUV��/DERUDWRULHV��±����ZKLFK�DYHUDJHG�������
DQG�UDQJHG�DV�KLJK�DV��������7KH�$2$&�FROODERUDWLYH�VWXG\�RI�
WKH�PRXVH�ELRDVVD\������GLG�QRW�UHSRUW�56'U��KRZHYHU��DQDO\VLV�
RI�WKH�GDWD�IURP�WKDW�VWXG\�XVLQJ�$2$&�,17(51$7,21$/¶V�
,QWHUODERUDWRU\� 6WXG\�:RUNERRN� IRU� %OLQG� 'XSOLFDWHV� UHVXOWV�
LQ� DQ� DYHUDJH�56'U� RI� ������ IRU� WKUHH�67;�VSLNHG� VDPSOHV��
3UR¿FLHQF\� WHVWLQJ� RI� WKH�PRXVH� ELRDVVD\� SHUIRUPHG� LQ� HLJKW�
)UHQFK�ODERUDWRULHV�UHSRUWHG�DQ�DYHUDJH�56'U�RI������RQ�WKUHH�
VDPSOHV������7KH�DQDO\VLV�RI�EOLQG�GXSOLFDWHV�LQ�WKH�FROODERUDWLYH�
VWXG\�RI�WKH�SUHFROXPQ�R[LGDWLRQ�+3/&�PHWKRG��$2$&�0HWKRG�
��������� UHVXOWHG� LQ� DQ� 56'U� RI� ������ IRU� 67;� IROORZLQJ�
63(� &��� FOHDQXS� DQG� DQ� DYHUDJH� 56'U� RI� ������ DFURVV� DOO�
FRQJHQHUV��ZKLFK�UDQJHG�IURP�����WR��������)ROORZLQJ�63(±
&22+�FOHDQXS��UHSHDWDELOLW\�ZDV�VLPLODU��ZLWK�56'U�RI�������
DFURVV� DOO� FRQJHQHUV�� 7KH� LQWUDODERUDWRU\� UHSHDWDELOLW\� YDOXHV�
REWDLQHG� LQ� WKH� SRVWFROXPQ� R[LGDWLRQ�+3/&�PHWKRG� �$2$&�
0HWKRG����������DYHUDJHG������IRU�67;��PRVW�RWKHU�FRQJHQHUV�
ZHUH�VLPLODU��ZLWK�QHR67;�EHLQJ�WKH�RQO\�FRQJHQHU�WKDW�VKRZHG�
D�VRPHZKDW�KLJKHU�56'U�RI�������
,Q�VXPPDU\��WKH�ZLWKLQ�ODERUDWRU\�UHSHDWDELOLW\�RI�WKH�5%$�

ZDV� IRXQG� WR� EH� DFFHSWDEOH�� ZLWK� DOO� EXW� WZR� ODERUDWRULHV�
DFKLHYLQJ�DQ�56'U�RI�������RU�OHVV��DQG�WKH�URXWLQH�XVHUV�RI�WKH�
DVVD\�DFKLHYLQJ�DQ�DYHUDJH�56'U�RI��������

6SLNH�5HFRYHU\

7KUHH� VDPSOHV� LQFOXGHG� LQ� WKH� VWXG\�ZHUH� KRPRJHQDWHV� RI�
EOXH�PXVVHO�VSLNHG�ZLWK�67;�GL+&O�DW�FRQFHQWUDWLRQV�LQWHQGHG�
WR�EUDFNHW�WKH�UHJXODWRU\�OLPLWV�RI�����PJ�67;�HTXLY��NJ�XVHG�
E\�PRVW� FRXQWULHV� DQG����� PJ�67;�HTXLY��NJ� LPSRVHG� LQ� WKH�
3KLOLSSLQHV��1RPLQDO�FRQFHQWUDWLRQV�LQ�WKH�VSLNHG�VDPSOHV�ZHUH�
����������DQG������PJ�67;�HTXLY��NJ��$OVR�LQFOXGHG�LQ�WKH�VWXG\�
ZDV�WKH�EOXH�PXVVHO�KRPRJHQDWH�WR�ZKLFK�WKH�67;�VSLNHV�KDG�
EHHQ�DGGHG��ZKLFK�ZDV�GHWHUPLQHG�WR�EH�QHJDWLYH�IRU�67;�E\�
WKH�SUHFROXPQ�R[LGDWLRQ�+3/&�PHWKRG��7KH�QHJDWLYH�FRQWURO�
KRPRJHQDWH� ZDV� UHSRUWHG� DV� QRQGHWHFWDEOH� E\� HLJKW� RI� QLQH�
ODERUDWRULHV��5HFRYHU\� RI� VSLNHG�67;�E\� WKH�5%$�ZDV� ������
������ DQG�������� UHVSHFWLYHO\�� IRU� WKH����������� DQG������PJ�
67;�GL+&O�HTXLY��NJ�VSLNH�OHYHOV��DQG�\LHOGHG�D�VORSH�RI������
DQG�U��RI�������)LJXUH�����,Q�WKH�FXUUHQW�VWXG\��WKH�PRXVH�ELRDVVD\�
UHSRUWHG���GHWHFWLRQ�OLPLW��DQG������DQG�������UHFRYHU\�IRU�WKH�
����������DQG������PJ�67;�GL+&O�HTXLY��NJ�VSLNH�OHYHOV��7KH�
$2$&�FROODERUDWLYH�VWXG\�RI�WKH�PRXVH�ELRDVVD\������UHSRUWHG�
UHFRYHULHV�RI�������DW�VSLNH�OHYHOV�VLPLODU�WR�WKRVH�LQ�WKH�FXUUHQW�
VWXG\��HTXLYDOHQW�WR������PJ�67;�GL+&O�HTXLY��NJ��EXW�KLJKHU�
UHFRYHULHV� RI� ����� DQG� ������ZHUH� DFKLHYHG� DW� KLJKHU� VSLNH�
OHYHOV�HTXLYDOHQW�WR������DQG������PJ�67;�GL+&O�HTXLY��NJ�
7KH� REVHUYHG� SRRU� UHFRYHU\� LQ� WKH� PRXVH� ELRDVVD\� DW�

FRQFHQWUDWLRQV� QHDU� DQG� EHORZ� WKH� UHJXODWRU\� OLPLW� KDV� EHHQ�
REVHUYHG� LQ� RWKHU� VWXGLHV� ����� DQG� KDV� EHHQ� DWWULEXWHG� WR� D�

VDOW� RU� SURWHFWLYH� HIIHFW� RI� WKH� VKHOO¿VK� PDWUL[�� ZKLFK�� IRU�
FRQFHQWUDWLRQV�DW�RU�EHORZ�WKH�UHJXODWRU\�OLPLW�RI�����PJ�NJ��LV�
LQMHFWHG�XQGLOXWHG�LQWR�WKH�PRXVH��7KH�VSLNH�UHFRYHU\�REVHUYHG�
LQ�WKH�SUHFROXPQ�+3/&�PHWKRG�LQ�WKLV�VWXG\�LV�DOVR�VRPHZKDW�
ORZ��ZLWK� ������ ���� DQG� ������ UHFRYHU\� DW� WKH� ����� ����� DQG�
�����PJ�67;�GL+&O� HTXLY��NJ� VSLNH� OHYHOV�� UHVSHFWLYHO\��7KH�
$2$&� FROODERUDWLYH� VWXG\� RI� WKH� SUHFROXPQ� +3/&� PHWKRG�
UHSRUWHG�����±������DW�VLPLODU�VSLNH�OHYHOV�IROORZLQJ�63(�&���
FOHDQXS�DQG�����±������IROORZLQJ�63(�&22+�FOHDQXS���������
,Q� FRPSDULVRQ�� WKH� SRVWFROXPQ� +3/&� PHWKRG� UHSRUWHG�
��±����� UHFRYHU\� RI� 67;� VSLNHG� DW� OHYHOV� VRPHZKDW� ORZHU�
WKDQ� WKH� FXUUHQW� VWXG\��7KH� KLJKHU� UHFRYHU\� RI� WKH�5%$� WKDQ�
WKH�+3/&�PHWKRG�LQ�WKH�FXUUHQW�VWXG\�PD\�UHÀHFW�WKH�XVH�RI�WKH�
����0�+&O�H[WUDFWLRQ�PHWKRG�LQ�WKH�5%$�DV�FRPSDUHG�WR�WKH�
DFHWLF�DFLG�H[WUDFWLRQ�XVHG�LQ�WKH�+3/&�PHWKRGV��
:H� SUHYLRXVO\� HVWDEOLVKHG� LQ� WKH� 6/9� VWXG\� WKDW� WKH� 5%$�

SHUIRUPV�ZHOO�ZLWK�VKHOO¿VK�H[WUDFWHG�XVLQJ�HLWKHU�PHWKRG�������
,Q�WKDW�VWXG\��WKH�5%$�UHSRUWHG�VOLJKWO\�KLJKHU�WR[LFLW\�YDOXHV�
IRU�VKHOO¿VK�H[WUDFWV�PDGH�XVLQJ�WKH�����0�+&O�PHWKRG�WKDQ�WKH�
DFHWLF�DFLG�H[WUDFWLRQ��\LHOGLQJ�D�FRUUHODWLRQ�RI������ZLWK�D�VORSH�
RI������������7KH�KLJKHU�WR[LFLW\�UHSRUWHG�E\�WKH�5%$�LQ�����0�
+&O�H[WUDFWV�PD\�UHÀHFW�WKH�K\GURO\VLV�RI�OHVV�WR[LF�FRQJHQHUV�
WR�PRUH�WR[LF�FRQJHQHUV�

$VVD\�3DUDPHWHUV�DQG�4XDOLW\�0HWULFV

7DEOH� �������'� VXPPDUL]HV� WKH� DVVD\� SDUDPHWHUV� DQG�
TXDOLW\�PHWULFV� IRU� DOO� ODERUDWRULHV��(LJKW� RI� QLQH� ODERUDWRULHV�
XVHG�PLFURSODWH� VFLQWLOODWLRQ� FRXQWHUV�� /DERUDWRU\� �� XVHG� WKH�
PDQXDO�FRXQWLQJ�PHWKRG�LQ�ZKLFK�WKH�PLFURSODWH�ZHOO�¿OWHUV�DUH�
SXQFKHG�RXW��XVLQJ�DQ�HLJKW�SODFH�SXQFK�V\VWHP��LQWR�WUDGLWLRQDO�
�� P/� VFLQWLOODWLRQ� YLDOV� DQG� FRXQWHG�� ,WV� SHUIRUPDQFH� XVLQJ�
WKH�PDQXDO� FRXQWLQJ�PHWKRG� �56'U��������ZDV� VLPLODU� WR�RU�
EHWWHU�WKDQ�WKDW�RI�WKH�ODERUDWRULHV�XVLQJ�WKH�PLFURSODWH�PHWKRG��
LQGLFDWLQJ�WKDW�XVLQJ�WKH�PDQXDO�FRXQWLQJ�PHWKRG�GRHV�QRW�DIIHFW�
WKH�SHUIRUPDQFH�RI�WKH�DVVD\��6LPLODUO\��WKHUH�ZDV�QR�DSSDUHQW�
GLIIHUHQFH� LQ� DVVD\� SDUDPHWHUV� ZKHQ� WKH� 3DFNDUG� 7RS� &RXQW�
�VLQJOH�GHWHFWRU��ZDV�XVHG��FRPSDUHG�WR�WKH�:DOODF�0LFUREHWD�
�FRLQFLGHQFH� GHWHFWRU��� DOWKRXJK� WKH� UHIHUHQFH� &30� YDOXHV�
REWDLQHG�RQ�WKH�7RS�&RXQW�JHQHUDOO\�ZHUH�VRPHZKDW�ORZHU�GXH�
WR�GLIIHUHQFHV�LQ�FRXQWLQJ�HI¿FLHQF\�LQKHUHQW�LQ�WKH�GLIIHUHQFHV�
LQ�GHWHFWRU�JHRPHWU\��(LJKW�RI�QLQH�ODERUDWRULHV�XVHG�*UDSK3DG�
3ULVP� IRU� FXUYH�¿WWLQJ��ZKLOH� RQO\�/DERUDWRU\� �� XVHG�:DOODF�
0XOWL&DOF�VRIWZDUH��9DOXHV�UHSRUWHG�E\�/DERUDWRU\���IHOO�ZHOO�
ZLWKLQ�WKH�UDQJH�RI�YDOXHV�UHSRUWHG�E\�ODERUDWRULHV�XVLQJ�3ULVP�
$OO� DVVD\V� UHVXOWHG� LQ� VORSHV� EHWZHHQ� ±���� DQG� ±����� DV�

VSHFL¿HG� LQ� WKH� SURWRFRO�� 7KLV� VSHFL¿FDWLRQ� UHÀHFWV� WKH�
IDFW� WKDW� LQ� D� FRPSHWLWLYH� ELQGLQJ� DVVD\� IRU� D� OLJDQG� WKDW�
LQWHUDFWV�VSHFL¿FDOO\�DW�D�VLQJOH� UHFHSWRU�VLWH�� WKH�VORSH�RI� WKH�
UHVXOWLQJ�VWDQGDUG�FXUYH�VKRXOG�WKHRUHWLFDOO\�EH������$OWKRXJK�
FXUYH�¿WWLQJ�VRIWZDUH�SDFNDJHV�RIWHQ�LQFOXGH�D�RQH�VLWH�ELQGLQJ�
FXUYH�WKDW�¿[HV�WKH�VORSH�DW������ZH�VSHFL¿HG�LQ�WKH�SURWRFRO�WKH�
XVH�RI�WKH�IRXU�SDUDPHWHU�ORJLVWLF�¿W��DOVR�NQRZQ�DV�VLJPRLGDO�
GRVH�UHVSRQVH� ZLWK� YDULDEOH� VORSH��� EHFDXVH� LW� PRUH� UHDGLO\�
LGHQWL¿HV� SUREOHPV� ZLWK� WKH� VWDQGDUG� FXUYH� WKDW� PD\� VNHZ�
UHVXOWV��/DERUDWRU\���UHSRUWHG�UHVXOWV�XVLQJ�D�RQH�VLWH�ELQGLQJ�
FXUYH�¿W��LQ�WKLV�FDVH��WKH�FRRUGLQDWLQJ�ODERUDWRU\�UHFDOFXODWHG�
WKHLU�UDZ�GDWD�XVLQJ�WKH�IRXU�SDUDPHWHU�ORJLVWLF�¿W��7KH�SURWRFRO�
DOVR�FDOOV�IRU�56'�������RQ�DOO�VWDQGDUGV��0RVW�DQDO\VWV�GLG�
QRW� H[SHULHQFH� YDULDELOLW\� SUREOHPV� LQ� WKH� VWDQGDUG� ZHOOV��
,QIUHTXHQW�KLJK�56'V�ZHUH�PRVW�RIWHQ�DVVRFLDWHG�ZLWK�WKH�ZHOO�
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LQ� FROXPQ���RI� WKH����ZHOO� SODWH��0RVW� DQDO\VWV� UHPRYHG� WKH�
VXVSHFW�ZHOO�IURP�WKH�FXUYH�¿WWLQJ�SURFHVV��:KHQ�WKH�56'�IRU�
D�JLYHQ�VWDQGDUG�ZDV�QHDU�WKH�VWDWHG�FXWRII��H�J�����±������DQG�
OHIW�LQ�WKH�FXUYH�¿WWLQJ�SURFHVV��WKHUH�ZDV�QR�DSSDUHQW�HIIHFW�RQ�
WKH�FXUYH�SDUDPHWHUV�OLVWHG�DV�FULWHULD�IRU�DVVD\�DFFHSWDQFH�
7KH� DYHUDJH� ,&��� DPRQJ� DOO� ��� DVVD\V�ZDV� ������ ����� Q0�

�56'5���������7KH�RWKHU�DVVD\�TXDOLW\�PHWULF�FDOOHG�IRU�E\�WKH�
SURWRFRO�LV�WKH�DQDO\VLV�RI�WKH�4&�FKHFN�VDPSOH��ZKLFK�VKRXOG�
EH���������Q0�67;� �����56'�� LQ�ZHOO� FRQFHQWUDWLRQ���)RXU�
RI�WKH����DVVD\V�KDG�4&�YDOXHV�RXWVLGH�WKH�VWDWHG�OLPLWV��ZLWK�
QR�REYLRXV�HUURU�UHVSRQVLEOH�IRU� WKH�YDULDELOLW\��$PRQJ�WKHVH��
/DERUDWRU\���UHSRUWHG�����Q0�IRU�WKH�4&�FKHFN�LQ�DVVD\���DQG�
DQ� ,&��� RI� ���� Q0�� ZKLFK� ZDV� RXWVLGH� WKH� QRUP�� 6LPLODUO\��
/DERUDWRU\� �� UHSRUWHG� D�4&�RI� ���� Q0� LQ� DVVD\� �� DQG� D� ORZ�
,&��� RI� ���� Q0�� ZKLFK� LV� DW� WKH� ORZHU� HGJH� RI� DFFHSWDELOLW\��
,Q� JHQHUDO� SUDFWLFH�� WKHVH� YDOXHV� ZRXOG� WULJJHU� UHSHDWLQJ� WKH�
DVVD\��+RZHYHU��EHFDXVH�RI�WKH�PLQLPDO�QXPEHU�RI�ODERUDWRULHV�
SDUWLFLSDWLQJ� LQ� WKH� VWXG\�� ERWK� RI� WKHVH� DVVD\V�ZHUH� UHWDLQHG�
LQ� WKH� VWXG\�� ,Q� QHLWKHU� FDVH�ZHUH� WKH� UHSRUWHG� VDPSOH� YDOXHV�
V\VWHPDWLFDOO\�KLJKHU�RU�ORZHU�WKDQ�WKRVH�UHSRUWHG�LQ�WKH�RWKHU�
DVVD\V�

/2'�DQG�/24

7KH� /2'�ZDV� FDOFXODWHG� EDVHG� RQ� WKH�PHDVXUHPHQW� RI� WKH�
QHJDWLYH� FRQWURO� VKHOO¿VK� PDWUL[� �0/9���� XVLQJ� WKH� EODQN� ��
��î�6'� DSSURDFK� DFFRUGLQJ� WR� (XUDFKHP� JXLGHOLQHV� ������ DV�

UHFHQWO\� DSSOLHG� WR� $2$&� 0HWKRG� ��������� DQ� (/,6$� IRU�
GRPRLF�DFLG� LQ�VKHOO¿VK�XVLQJ�D�VLPLODU� IRXU�SDUDPHWHU� ORJLVWLF�
FXUYH� ������$OO� ODERUDWRULHV� UHSRUWHG� �GO� IRU� WKLV� VDPSOH� XVLQJ�
WKH� SUHVFULEHG� FXWRII� RI� %�%������� IRU� TXDQWL¿FDWLRQ�� ZLWK� WKH�
H[FHSWLRQ�RI�/DERUDWRU\����ZKLFK�ZDV�UHPRYHG�DV�DQ�RXWOLHU�DV�
GHWHUPLQHG�E\�*UXEEV�WHVW��3����������,I�WKHVH�VDPSOHV�DUH�LQVWHDG�
TXDQWL¿HG�XVLQJ�WKH�%�%��YDOXHV�REWDLQHG��D�PHDQ�RI�����QJ�P/�
LV� REWDLQHG�ZLWK� DQ�6'�RI� ���� QJ�P/�� UHVXOWLQJ� LQ� DQ�/2'�RI�
���PJ�67;�GL+&O�HTXLY��NJ��8VLQJ�WKH�EODQN������î�6'�GH¿QLWLRQ��
DQ�/24�RI�����PJ�67;�GL�+&O�HTXLY��NJ�LV� WKXV�REWDLQHG��:H�
SUHYLRXVO\�HVWDEOLVKHG�HPSLULFDOO\�WKDW�D������GLOXWLRQ�RI�VKHOO¿VK�
H[WUDFWV� LV�VXI¿FLHQW� WR�UHPRYH�PDWUL[�HIIHFWV� LQ�WKH�5%$�������
ZKHQ�D�TXDQWL¿FDWLRQ�FXWRII�RI�%�%�������LV�XVHG��7KLV�LV�WKH�EDVLV�
IRU� WKH� WHQ�IROG� PLQLPXP� VDPSOH� GLOXWLRQ� XVHG� LQ� WKH� FXUUHQW�
VWXG\��7KH�,&���YDOXHV��%�%�������IRU�DOO�VWDQGDUG�FXUYHV�UXQ�LQ�
WKH�VWXG\�DUH�SUHVHQWHG�LQ�7DEOH��������'��$Q�DYHUDJH�RI��������
������Q0�67;�GL+&O�ZDV�REWDLQHG�DFURVV�DOO�DVVD\V��IROORZLQJ�
WKH�UHPRYDO�RI�RQH�RXWOLHU�EDVHG�RQ�WKH�*UXEEV�WHVW��3����������
$SSO\LQJ�WKH�EODQN�����î�6'�WR�WKLV�YDOXH��DQ�/2'�RI����PJ�67;�
GL+&O�HTXLY��NJ�LV�REWDLQHG��DSSO\LQJ�WKH�EODQN������î�6'�WR�WKLV�
YDOXH�UHVXOWV� LQ�DQ�/24�RI�����PJ�67;�GL+&O�HTXLY��NJ�IRU�D�
VDPSOH�GLOXWHG������DQG�H[WUDFWHG�DV�LQGLFDWHG�LQ�WKH�VWXG\��LQ�IDLU�
DJUHHPHQW�ZLWK�WKH�YDOXH�FDOFXODWHG�DERYH�

&RUUHODWLRQ�ZLWK�+3/&�DQG�0RXVH�%LRDVVD\

&RPSDULVRQ� RI� WKH� 5%$� UHVXOWV� ZLWK� WKH� PRXVH� ELRDVVD\�

7DEOH� ��� 0RXVH�ELRDVVD\�UHVXOWV�RQ�FROODERUDWLYH�VWXG\�VDPSOHV�IURP�WKUHH�ODERUDWRULHVD�

6DPSOH�1R� 6DPSOH�,' 0%$�/DE�$ 0%$�/DE�% 0%$�/DE�& 0%$�$YJ� 0%$�V5 0%$�56'5���

� 0/9�� ��� ��� ��� ��� ���� ����

� 0/9�� ��� ��� ��� ��� ���� ���

� 0/9�� ��� �GOE ��� ��� ���� ����

� 0/9�� ��� ��� ��� ��� ���� ����

� 0/9�� �GO �GO �GO ² ² ²

� 0/9�� ��� ��� ��� ��� ��� ���

� 0/9�� ��� ��� ��� ��� ���� ����

� 0/9�� ��� ��� ��� ��� ���� ����

� 0/9�� ��� ���� ��� ��� ����� ����

�� 0/9�� ���� �GO ���� ���� ����� ����

�� 0/9�� ���� ��� ��� ��� ����� ����

�� 0/9�� ² ��� ��� ��� ���� ���

�� 0/9�� ��� ��� �GO ��� ² ²

�� 0/9�� �GO ��� �GO ��� ² ²

�� 0/9�� ��� ��� �GO ��� ² ²

�� 0/9�� ² ��� ��� ��� ���� ���

�� 0/9�� ² ��� ��� ��� ���� ���

�� 0/9�� ² �GO ��� ��� ² ²

�� 0/9�� ���� ��� ��� ���� ����� ����

�� 0/9�� ² ��� ��� ��� ���� ����

�� 0/9�� �GO �GO �GO ² ² ²
D� �9DOXHV�DUH�LQ��J�67;�GL+&O�HTXLY��NJ�
E� �GO� �'HWHFWLRQ�OLPLW�
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UHVXOWV�\LHOGHG�DQ�U��RI������DQG�D�VORSH�RI�������LQGLFDWLQJ�WKDW�
WKH�5%$�UHSRUWV�VRPHZKDW�KLJKHU�67;�HTXLYDOHQWV�LQ�VKHOO¿VK��
UHODWLYH� WR� WKH� PRXVH� ELRDVVD\� �)LJXUH� ���� 7KLV� RYHUHVWLPDWH�
KDV� EHHQ� SUHYLRXVO\� UHSRUWHG� IRU� ERWK� 5%$� DQG� +3/&�
PHWKRGV��������DW�WKH�67;�OHYHOV�QHDU�RU�EHORZ�WKH�UHJXODWRU\�
OLPLW��ZKLFK�DUH�WKH�IRFXV�RI�WKH�FXUUHQW�VWXG\��&RQVLVWHQW�ZLWK�
WKHVH�¿QGLQJV�� WKH�+3/&�PHWKRG�DOVR� UHSRUWHG�KLJKHU�YDOXHV�
WKDQ�WKH�PRXVH�ELRDVVD\�LQ�WKLV�VWXG\��ZLWK�D�VORSH�RI������DQG�
DQ�U��RI�������5%$�UHVXOWV�FRUUHODWHG�EHWWHU�ZLWK�WKH�SUHFROXPQ�
R[LGDWLRQ�+3/&�PHWKRG��ZLWK�D�VORSH�RI������DQG�DQ�U��RI�������

5%$�<LHOGHG�1R�)DOVH�1HJDWLYHV�5HODWLYH�WR�WKH�
5HJXODWRU\�/LPLW

:KHQ� WKH� GDWD� IURP� WKH� WKUHH� PHWKRGV� ZHUH� VRUWHG� E\�
LQFUHDVLQJ�PJ�67;�GL+&O�HTXLY��NJ�DV�UHSRUWHG�E\� WKH�PRXVH�
ELRDVVD\�� WKH� 5%$� GLG� QRW� UHSRUW� DQ\� IDOVH� QHJDWLYHV� ZKHQ�
FRPSDUHG� WR� WKH� UHJXODWRU\� OLPLW� RI� ���� PJ� 67;� HTXLY��NJ�
�7DEOH��������(���:KHQ�FRPSDUHG�ZLWK�WKH�SUHFROXPQ�R[LGDWLRQ�
+3/&�PHWKRG��RQO\�/DERUDWRU\��� UHSRUWHG�YDOXHV� ORZHU� WKDQ�
WKH� +3/&�PHWKRG�� 7KH� IDFW� WKDW� WKH� 5%$� UHSRUWV� VRPHZKDW�
KLJKHU�WR[LFLW\�WKDQ�WKH�PRXVH�ELRDVVD\�RU�+3/&�DW�OHYHOV�QHDU�
RU�EHORZ� WKH� UHJXODWRU\� OLPLW� LV�EHQH¿FLDO� IURP�D� IRRG� VDIHW\�
VWDQGSRLQW��7KH�KLJKHU�YDOXHV�UHSRUWHG�SUHVXPDEO\�DULVH� IURP�
EHWWHU� UHFRYHULHV�� DV� GHPRQVWUDWHG� DERYH�� )URP� D� VKHOO¿VK�
SURGXFHU¶V� SHUVSHFWLYH�� WKH� LPSURYHG�GHWHFWLRQ� OLPLWV� UHODWLYH�
WR�WKH�PRXVH�ELRDVVD\�DQG�EHWWHU�UHFRYHU\�RI�ORZ�WR[LQ�OHYHOV�
FRPSDUHG�WR�WKH�+3/&�FDQ�KHOS�WR�SURYLGH�DGYDQFH�ZDUQLQJ�RI�
GHYHORSLQJ�WR[LFLW\��DOORZLQJ�SURGXFHUV�WR�KDUYHVW�HDUO\��GHOD\�
KDUYHVW��RU�PRYH�FXOWXUHV��DV�DSSURSULDWH�

3DUWLFLSDQWV¶�&RPPHQWV

/DERUDWRU\� �� SDUWLFLSDWHG� LQ� WKH� VWXG\� ZLWKRXW� SUHYLRXV�

H[SHULHQFH�UXQQLQJ�UHFHSWRU�DVVD\V��DQG�LQ�GRLQJ�VR��LGHQWL¿HG�
VHYHUDO� SRLQWV� QHHGLQJ� FODUL¿FDWLRQ� WKDW� KDYH� VLQFH� EHHQ�
DGGHG� WR� WKH� SURSRVHG�2I¿FLDO�0HWKRG� DV� HQXPHUDWHG� LQ� WKLV�
UHSRUW������7KH�YDFXXP�UHTXLUHG�IRU�¿OWUDWLRQ�ZDV�QRW�VSHFL¿HG�
DW� �±�Ý� +J�� ZKLFK� LV� FULWLFDO� EHFDXVH� LQVXI¿FLHQW� YDFXXP�
SUHVVXUH� UHVXOWV� LQ� WRR�VORZ�D�FOHDUDQFH�RI� WKH�ZHOOV��ZKHUHDV�
WRR� PXFK� SUHVVXUH� UHVXOWV� LQ� DQ� DLUORFN� DQG� QR� ¿OWUDWLRQ� DW�
DOO�� ���� 6FLQWLOODWLRQ� FRXQWLQJ� WLPH� IRU� WKH� PLFURSODWHV� LV�
��PLQ�ZHOO������,QVWUXFWLRQV�KDYH�EHHQ�DGGHG�UHJDUGLQJ�KRZ�WR�
FDOFXODWH�VDPSOH�FRQFHQWUDWLRQ� LI�PRUH� WKDQ�RQH�GLOXWLRQ� IDOOV�
ZLWKLQ�%�%R����±����� VSHFL¿FDOO\�� DQ� DYHUDJH�YDOXH� VKRXOG�EH�
FDOFXODWHG�IURP�DOO�VDPSOH�GLOXWLRQV�IDOOLQJ�ZLWKLQ�%�%R����±�����
:KHQ� FRUUHFWHG� IRU� GLOXWLRQ�� VHULDO� VDPSOH� GLOXWLRQV� VKRXOG�
\LHOG� VLPLODU� TXDQWL¿FDWLRQ��7KH� DEVHQFH�RI� OLQHDULW\�EHWZHHQ�
VDPSOH� GLOXWLRQV� LQGLFDWHV� HLWKHU� HUURU� LQ� GLOXWLRQ� RU� VDPSOH�
PDWUL[�LQWHUIHUHQFH��KRZHYHU��DW�WKH�PLQLPXP�VDPSOH�GLOXWLRQV�
UHFRPPHQGHG� LQ� WKH�SURSRVHG�2I¿FLDO�0HWKRG��PDWUL[�HIIHFWV�
IURP� VKHOO¿VK� KRPRJHQDWHV� KDYH� QRW� EHHQ� HQFRXQWHUHG� ������
,Q� WKH�FXUUHQW� VWXG\�� WKH�QRQOLQHDULW\�RI�GLOXWLRQV�H[SHULHQFHG�
LQ� VHYHUDO� VDPSOHV� E\�/DERUDWRU\� ��ZDV� QRW� REVHUYHG� E\� WKH�
RWKHU�ODERUDWRULHV��VXJJHVWLQJ�D�V\VWHPDWLF�VDPSOH�GLOXWLRQ�LVVXH�
UDWKHU� WKDQ� D� VDPSOH� PDWUL[� SUREOHP�� $OWKRXJK� H[SHULHQFHG�
LQ�5%$V� LQ�JHQHUDO��/DERUDWRU\���KDG�QRW�SUHYLRXVO\� UXQ� WKH�
PLFURSODWH�¿OWUDWLRQ�IRUPDW�RI�WKH�DVVD\�IRU�367�
/DERUDWRU\� ��� ZKLFK� UHSRUWHG� JHQHUDOO\� ORZHU� YDOXHV� WKDQ�

WKH�RWKHU�ODERUDWRULHV��DOWKRXJK�IDPLOLDU�ZLWK�WKH�DVVD\��KDG�QRW�
SHUIRUPHG� LW� LQ�PRUH� WKDQ� D� \HDU��7KH� ORZHU� YDOXHV� UHSRUWHG�
GR� QRW� DSSHDU� WR� EH� DVVRFLDWHG�ZLWK� FRQGXFW� RI� WKH� DVVD\�� RU�
VFLQWLOODWLRQ� FRQGXFW� RI� WKH� DVVD\�� RU� VFLQWLOODWLRQ� FRXQWLQJ��
VLQFH� WKH� DVVD\�PHWULFV� DUH�ZHOO�ZLWKLQ� WKH� DYHUDJHV� UHSRUWHG�
E\�WKH�RWKHU�ODERUDWRULHV��,QVXI¿FLHQW�ERLOLQJ�RU�S+�DGMXVWPHQW�
RI� VDPSOH� H[WUDFWV� DUH� D� SRVVLEOH� H[SODQDWLRQ�� 7KHVH� SRLQWV�
LGHQWL¿HG�E\�WKH�VWXG\�SDUWLFLSDQWV�VKRXOG�EH�DGGHG�WR�WKH�FULWLFDO�
VWHSV�LGHQWL¿HG�LQ�WKH�6/9�VWXG\������WKDW�FDQ�DIIHFW�SUHFLVLRQ�
DQG�DFFXUDF\�RI�WKH�DVVD\�UHVXOWV��LQFOXGLQJ������HQVXUH�WKDW�WKH�
ZDWHU�LV�VWURQJO\�ERLOLQJ�GXULQJ�H[WUDFWLRQ������FDUHIXOO\�DGMXVW�
S+�RI� H[WUDFWV�� ���� HQVXUH� HYHQ�GLVWULEXWLRQ�RI� WKH�PHPEUDQH�
SUHSDUDWLRQ�DFURVV�WKH�PLFURSODWH�E\�IUHTXHQW�YRUWH[�PL[LQJ�RU�
SLSHWWLQJ�EHIRUH�DQG�GXULQJ�LWV�DGGLWLRQ�WR�WKH�SODWH������WKH�ZHOOV�
PXVW� FOHDU�ZLWKLQ� �±�� V� GXULQJ�¿OWUDWLRQ�� ���� WKH�ZDVK� EXIIHU�
VKRXOG�EH�LFH�FROG�WR�PLQLPL]H�WKH�UDWH�RI�WR[LQ�UHOHDVH�IURP�WKH�
UHFHSWRU��DQG�����IROORZLQJ�DGGLWLRQ�RI�VFLQWLOODQW�WR�WKH�ZHOOV��
LQFXEDWH�D�PLQLPXP�RI����PLQ�WR�HQVXUH�WKDW�WKH�VFLQWLOODQW�IXOO\�
SHQHWUDWHV�WKH�¿OWHUV�EHIRUH�FRXQWLQJ��

5HFRPPHQGDWLRQV

7KH�FROODERUDWLYH�VWXG\�RI�WKH�5%$�IRU�367�ZDV�FRPSOHWHG�
E\� QLQH� ODERUDWRULHV� UHSUHVHQWLQJ� VL[� FRXQWULHV�� &ROODERUDWRUV�
TXDQWL¿HG�367�DV�D�FRPSRVLWH�WR[LFLW\�YDOXH�UHSRUWHG�LQ�PJ�67;�
GL�+&O�HTXLY��NJ�LQ�D�YDULHW\�RI�VKHOO¿VK�VSHFLHV�IURP�GLIIHUHQW�
UHJLRQV�RI�WKH�ZRUOG��FRQWDLQLQJ�YDULHG�WR[LQ�FRQJHQHU�SUR¿OHV��
7KH� VWXG\� LQFOXGHG� ODERUDWRULHV�ZLWK� H[WHQVLYH� H[SHULHQFH� DV�
ZHOO�DV�RWKHUV�ZLWK�OLWWOH�RU�QR�SUHYLRXV�H[SHULHQFH��7KH�VWXG\�
DOVR�LQFOXGHG�ERWK�PLFURSODWH�DQG�VFLQWLOODWLRQ�FRXQWHUV�DV�HQG�
SRLQWV��EHFDXVH�HLWKHU�LQVWUXPHQW�W\SH�FRXOG�SRWHQWLDOO\�EH�XVHG�
E\�WHVW�ODERUDWRULHV��7KH�VWXG\�GHPRQVWUDWHV�WKDW�WKH�5%$�\LHOGV�
DGHTXDWH�UHSHDWDELOLW\��UHSURGXFLELOLW\��DQG�UHFRYHU\�IRU�URXWLQH�
GHWHUPLQDWLRQ�DQG�PRQLWRULQJ�RI�367�LQ�VKHOO¿VK��7KH�JUHDWHU�
SUHFLVLRQ� DWWDLQHG� E\� ODERUDWRULHV� WKDW� UHFHLYHG� SULRU� WUDLQLQJ�
RQ� WKH�5%$�DQG� URXWLQHO\� LPSOHPHQW� WKLV� DVVD\� VXJJHVWV� WKDW�

EŽŵŝŶĂů �ǀŐ 65 56'5�� �ZĞĐŽǀĞƌǇ͕�й
ϮϬϬ ��� �� ���� ϴϰ͘ϰ
ϱϬϬ ��� ��� ���� ϵϯ͘ϯ
ϭϮϬϬ ���� ��� ���� ϴϴ͘ϭ
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)LJXUH� ��� 5HFRYHU\�RI�VSLNHG�67;�GL+&O�LQ�
KRPRJHQDWHV�RI�EOXH�PXVVHO��9DOXHV�DUH�LQ�ȝJ�67;�
GL+&O�HTXLY��NJ�
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WKH� RYHUDOO� LQWHUODERUDWRU\� UHSURGXFLELOLW\� FDQ� EH� IXUWKHU�
LPSURYHG�� ,W� LV� UHFRPPHQGHG� WKDW� WKLV� PHWKRG� EH� DFFHSWHG�
E\�$2$&�,17(51$7,21$/�DV�2I¿FLDO�)LUVW�$FWLRQ�IRU� WKH�
GHWHUPLQDWLRQ�RI�367�LQ�VKHOO¿VK�

$FNQRZOHGJPHQWV

:H� ZRXOG� OLNH� WR� WKDQN� /DXULH� %HDQ� �0DLQH� 'HSDUWPHQW�
RI�0DULQH�5HVRXUFHV���6WDFH\�'H*UDVVH��8�6��)RRG�DQG�'UXJ�
$GPLQLVWUDWLRQ��� 3DWULFN�+ROODQG� �&DZWKURQ� ,QVWLWXWH��� *UHJJ�
/DQJORLV� �&DOLIRUQLD� 'HSDUWPHQW� RI� +HDOWK� 6HUYLFHV��� %RE�
/RQD��:DVKLQJWRQ�6WDWH�'HSDUWPHQW�RI�+HDOWK���DQG�%HQMDPLQ�

6XDUH]��8QLYHUVLW\�RI�&KLOH��IRU�SURYLGLQJ�WKH�VKHOO¿VK�PDWHULDO�
XVHG� LQ� WKH� VWXG\�� :H� DUH� JUDWHIXO� WR� %DUEDUD� 1LHG]ZLDGHN�
DQG�'RURWKHD�5DZQ� �+HDOWK�&DQDGD�� IRU�+3/&�DQDO\VHV� DQG�
WR� /DXULH� %HDQ� DQG� 'DUFLH� &RXWXUH� �0DLQH� 'HSDUWPHQW� RI�
0DULQH�5HVRXUFHV���%HQMDPLQ�6DXUH]��DQG�6XSDQRL�6XEVLQVHUP�
�7KDLODQG� 'HSDUWPHQW� RI� )LVKHULHV�� IRU� SHUIRUPLQJ� PRXVH�
ELRDVVD\V��:H� DUH� LQGHEWHG� WR� WKH� IROORZLQJ� FROODERUDWRUV� IRU�
WKHLU�GHGLFDWLRQ�DQG�SHUVHYHUDQFH�LQ�FDUU\LQJ�RXW�WKH�5%$V�IRU�
WKLV�VWXG\�
/HDQQH� )OHZHOOLQJ�� )ORULGD�:LOGOLIH� DQG� 0DULQH� 5HVHDUFK�

,QVWLWXWH��6W��3HWHUVEXUJ��)/�
6WDFH\�'H*UDVVH��8�6��)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ��&HQWHU�

IRU�)RRG�6DIHW\�DQG�$SSOLHG�1XWULWLRQ��&ROOHJH�3DUN��0'�
3DWULFN� +ROODQG� DQG� 3DXO� 0F1DEE�� &DZWKURQ� ,QVWLWXWH��

1HOVRQ��1HZ�=HDODQG
*UHJJ�/DQJORLV�DQG�0HOLVD�0DVXGD��&DOLIRUQLD�'HSDUWPHQW�

RI�3XEOLF�+HDOWK��5LFKPRQG��&$
5LFKDUG�/HZLV�DQG�cVD�$QGHUVVRQ��8QLYHUVLW\�RI�4XHHQVODQG��

4XHHQVODQG��$XVWUDOLD
&KULVWLQD� 0LNXOVNL�� 12$$� 0DULQH� %LRWR[LQV� 3URJUDP��

&KDUOHVWRQ��6&
(OYLUD� 6RPEULWR� DQG� $LOHHQ� 'H/HRQ� �3KLOLSSLQH� 1XFOHDU�

5HVHDUFK�,QVWLWXWH��0DQLOD��WKH�3KLOLSSLQHV
.DQLWKD� 6ULVXNVDZDG� DQG� %RRQVRP� 3RUQWHSNDVHPVDQ��

7KDLODQG�1XFOHDU�5HVHDUFK�,QVWLWXWH��%DQJNRN��7KDLODQG
$XUHOLD� 7XEDUR� DQG� 9DOHULD� 'HOO¶2YR�� 'LSDUWLPHQWR� GHL�

0DWHULDOL�H�5LVRUVH�1DWXUDOL��7ULHVWH��,WDO\
7KLV�SURMHFW�ZDV�IXQGHG�E\�WKH�,QWHUQDWLRQDO�$WRPLF�(QHUJ\�

$JHQF\�,QWHUUHJLRQDO�3URMHFW�,17����������DQG�12$$�0DULQH�
%LRWR[LQV�3URJUDP�3URMHFW���(������)'$�VD[LWR[LQ�GL+&O�XVHG�
IRU�WULWLDWLRQ�E\�,,&+�DQG�67;�GL+&O�UHIHUHQFH�VWDQGDUG��1,67�
50� ������ZHUH� SURYLGHG� E\� 6KHUZRRG�+DOO�� )'$�2I¿FH� RI�
6HDIRRGV�

5HIHUHQFHV

� ���� �2I¿FLDO�0HWKRGV�RI�$QDO\VLV����������WK�(G���$2$&�
,17(51$7,21$/��*DLWKHUVEXUJ��0'��0HWKRG�������

� ���� �/H'RX[��0���	�+DOO��6���������-��$2$&�,QW���������±���
� ���� �/DZUHQFH��-�)���1LHG]ZLDGHN��%���	�0HQDUG��&���������-��$2$&�

,QW����������±����
� ���� �2I¿FLDO�0HWKRGV�RI�$QDO\VLV����������WK�(G���$2$&�

,17(51$7,21$/��*DLWKHUVEXUJ��0'��0HWKRG��������
� ���� �2I¿FLDO�0HWKRGV�RI�$QDO\VLV��������$2$&�,17(51$7,21$/��

*DLWKHUVEXUJ��0'��0HWKRG��������
� ���� �-HOOHWW��-�)���5REHUW��5�/���/D\FRFN��0�9���4XLOOLDP��0�$���	�

%DUUHWW��5�(���������7R[LFRQ���������±������KWWS���G[�GRL�
RUJ���������6��������������������

� ���� �+DOO��6���6WULFKDUW]��*���0RF]\GORZVNL��(���5DYLQGUDQ��$���	�
5HLFKDUGW��3�%���������LQ�0DULQH�7R[LQV��2ULJLQ��6WUXFWXUH�
DQG�0ROHFXODU�3KDUPDFRORJ\��6��+DOO�	�*��6WULFKDUW]��(GV���
$&6�6\PSRVLXP�6HULHV�1R�������$PHULFDQ�&KHPLFDO�6RFLHW\��
:DVKLQJWRQ��'&��SS���±��

� ���� �/OHZHOO\Q��/�(���������&KHP��5HV��7R[LFRO���������±�����KWWS���
G[�GRL�RUJ���������W[������L

� ���� �'RXFHWWH��*�-���/RJDQ��0�/���5DPVGHOO��-�6���	�9DQ�'RODK��)�0��
�������7R[LFRQ��������±�����KWWS���G[�GRL�RUJ���������6�����
���������������

����� �9DQ�'RODK��)�0���/HLJK¿HOG��7�$���'RXFHWWH��*�-���%HDQ��/���
1LHG]ZLDGHN��%���	�5DZQ��'�)�.���������-��$2$&�,QW������
����±����

����� �0F)DUUDQ��(�)���������-��$2$&�,QW���������±���
����� �(8�5HIHUHQFH�/DERUDWRU\�IRU�0DULQH�%LRWR[LQV��������5HSRUW�

)LJXUH��� &RUUHODWLRQ�RI�WKH�5%$�UHVXOWV�RQ�363�WR[LQV�VKHOOILVK�KRPRJHQDWHV�ZLWK�PRXVH�
ELRDVVD\��$��DQG��+3/&��%���&RUUHODWLRQ�EHWZHHQ�WKH�FXUUHQW�$2$& RIILFLDO�PHWKRGV��PRXVH�
ELRDVVD\�DQG�+3/&��&��
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)LJXUH� ��� &RUUHODWLRQ�RI�WKH�5%$�UHVXOWV�RQ�
363�WR[LQV�LQ�VKHOO¿VK�KRPRJHQDWHV�ZLWK�PRXVH�
ELRDVVD\��$��DQG�+3/&��%���&RUUHODWLRQ�EHWZHHQ�WKH�
FXUUHQW�$2$&�2I¿FLDO�0HWKRGV��PRXVH�ELRDVVD\��DQG�
+3/&��&��
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Evaluation of variability and quality control procedures for a receptor-binding assay for paralytic

shellfish poisoning toxins
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The receptor-binding assay (RBA) method for determining saxatoxin (STX) and its numerous analogues, which
cause paralytic shellfish poisoning (PSP) in humans, was evaluated in a single laboratory study. Each step of the
assay preparation procedure including the performance of the multi-detector TopCount� instrument was
evaluated for its contribution to method variability. The overall inherent RBA variability was determined to be
17%. Variability within the 12 detectors was observed; however, there was no reproducible pattern in detector
performance. This observed variability among detectors could be attributed to other factors, such as pipetting
errors. In an attempt to reduce the number of plates rejected due to excessive variability in the method’s quality
control parameters, a statistical approach was evaluated using either Grubbs’ test or the Student’s t-test for
rejecting outliers in the measurement of triplicate wells. This approach improved the ratio of accepted versus
rejected plates, saving cost and time for rerunning the assay. However, the potential reduction in accuracy and
the lack of improvement in precision suggests caution when using this approach. The current study has
recommended an alternate quality control procedure for accepting or rejecting plates in place of the criteria
currently used in the published assay, or the alternative of outlier testing. The recommended procedure involves
the development of control charts to monitor the critical parameters identified in the published method (QC
sample, EC50, slope of calibration curve), with the addition of a fourth critical parameter which is the top value
(100% binding) of the calibration curve.

Keywords: receptor-binding assay; paralytic shellfish poisoning; saxitoxins; variability

Introduction

Coastal regions with a history of the occurrence of
paralytic shellfish poisoning (PSP) toxins present
unique challenges to the organisations responsible for
protecting public health. The agencies responsible for
monitoring these toxins in shellfish (e.g., mussels,
oysters) and other seafood species have traditionally
relied on the mouse bioassay (MBA) (American Public
Health Association (APHA) 1970). Until recently this
live animal assay has been the only method recognised
by theNational Shellfish Sanitation Program (NSSP) as
administered by the US Food andDrug Administration
(USFDA). The MBA has served these monitoring
programmes well over the decades, but the continued
use of live animals for toxin testing presents practical
and ethical concerns. The MBA is also recognised as
having relative poor accuracy and precision due to
matrix effects at low dilutions and inherent differences
in response among animals. As a result there has been a
considerable amount of work and progress in the
development of alternative methods including a recep-
tor-binding assay (RBA) method (Doucette et al. 1997;

Powell and Doucette 1999; Ruberu et al. 2003) and
HPLCmethods (Lawrence et al. 2005; van de Riet et al.
2009). The latter HPLC method has recently been
accepted by the Interstate Shellfish Sanitation

Conference (ISSC) and USFDA for use within the
NSSP. The RBA method has recently been issued as an
Official Method of Analysis (OMA) (number 2011-27)
by the Association of Official Analytical Chemists

(AOAC), but has yet to be presented to the ISSC for
acceptance.

Most, if not all, monitoring programmes have
similar requirements with respect to an acceptable
replacement method for the MBA. Analytical turn-

around time and sample throughput are critical factors
for getting data into the hands of managers quickly, so
decisions can be made regarding quarantines and
notification of the public. Shellfish sample collection

and shipment to an accredited laboratory can intro-
duce significant time delays, often 24–48 h, placing the
responsible agency at an immediate disadvantage in its
efforts to protect consumers. Therefore, there is a need

for a method that can provide data within hours of
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sample arrival. The preferred method must also be
capable of automation to accommodate a significant
influx of samples when PSP levels begin increasing in a
region. It is also highly preferable that the methodol-
ogy be simple enough to be carried out by a trained
technician, as opposed to the more technically sophis-
ticated methods that require an experienced analyst
with an advanced degree. Other desirable features
include improved accuracy, precision and sensitivity
relative to the current MBA. The lack of precision of
the MBA creates ambiguity when results are close to
the action level (80mg of saxitoxin (STX) equivalents
per 100 g of shellfish tissue, abbreviated as 80 mg/100 g).
Replication would help alleviate this ambiguity but is
usually impractical when large numbers of samples are
being assayed and throughput time must be minimised.

The van de Riet HPLC method may be the
alternative method of choice for some regulatory
laboratories. One seemingly minor but very important
practical consideration in this regard is the adminis-
trative location of the current MBA work. If this work
is presently conducted in a laboratory section in which
chemical instrumental analyses are also conducted
(e.g., HPLC methods), then the adoption of the HPLC
method for PSP toxins could be a relatively simple
transition both technically and organisationally.
However, if the MBA work is currently conducted in
a microbiology setting, a number of obstacles may
preclude adoption of a chemical instrumental method
in favour of an assay format more familiar to the
microbiologist, such as an immunoassay or receptor
assay. The potential obstacles in these times of reduced
resources include retraining or hiring new staff,
purchasing of expensive equipment or transferring
resources from one department to another. Although
HPLC technology includes automation via autosam-
plers, other factors such as time for careful filtration
makes the analytical time spent per sample long
enough that results for many of the samples in the
queue are not available until the following workday.
Furthermore, at present there are standards commer-
cially available through the National Research Council
of Canada for 12 of the more than 30 analogues of
STX. The cost of these standards, and the lack of a
domestic supply, may be of concern for a regulatory
laboratory that processes thousands of samples per
year. The detailed, compound-specific information
provided by the current HPLC methods will provide
valuable insight into the toxin profile(s) present along a
coastal region, but may not be essential for routine
monitoring purposes. A quick and reliable estimate of
total toxicity is what is typically needed by the public
health manager.

An alternative method that may satisfy the criteria
listed above is the RBA. This competitive binding
assay (Doucette et al. 1997; Ruberu et al. 2003) uses
the same AOAC sample extraction procedure used for

the MBA. The 96-well plate format of the RBA allows
testing of up to seven samples in triplicate, with three
dilutions per sample to ensure the proper concentra-
tion range is represented. Multiple plates can be
queued on the plate reader, with results from several
successive plates available on the same day. In fairness,
the MBA will likely provide results faster for the first
several samples assayed, but will fail to meet the high
throughput requirements during a major event due to
the lack of automation. The RBA procedures are
straightforward and can easily be performed by a
trained technician. The reporting limit established in
our laboratory for the RBA is significantly lower (4 mg/
100 g tissue) than the detection limit of the MBA
(35 mg/100 g tissue in the CDPH laboratory), illustrat-
ing the high sensitivity of the RBA method. Another
advantage of the RBA is that it does not require
careful filtration of samples prior to analysis as is the
case with the HPLC method, reducing the time
required for sample preparation. The majority of
reagents are commonly available and relatively inex-
pensive, the exception being the tritiated STX needed
for competitive binding. This reagent is not readily
available through government services such as the
National Institute of Standards and Technology
(NIST), but is currently available commercially
within the United States. Reliance on proprietary
materials is always a point of concern for regulatory
laboratories if there are no alternative sources avail-
able. A possible source of error in the RBA is the rat
membrane synaptasome preparation. Not only is it a
very inconvenient preparation procedure to carry out,
but also due to its heterogeneity this membrane can be
associated with high assay variability. One way to
overcome this would be to have it available commer-
cially as a standardised reagent.

Our previous experience with the RBA (Ruberu
et al. 2003) was encouraging relative to the criteria
mentioned above, and the precision of the method in
our laboratory was found to be 10%. However, more
recent work in our laboratory has suggested that
method precision was no better than the MBA.
Therefore, it was determined that a more detailed
investigation into the various components of this assay
was warranted in the hopes that method precision
could be improved, facilitating the decision-making
process for public health managers.

Materials and methods

Chemicals and reagents

. 3H-STX diacetate in methanol (Lot #040616,
0.1mCiml�1, specific activity¼ 18.0Cimmol�1)
(American Radiolabeled Chemicals Inc., St.
Louis, MO, USA).

2 S.R. Ruberu et al.
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. FDA reference standard, STX dihydrochloride
(Lot #088 100 mgml�1 in 20% ethanol–water at
pH 3.5) (USFDA, Office of Seafood, Laurel,
MD, USA).

. Rat membrane synaptosome: the rat membrane
preparation containing sodium channel recep-
tors was composed of 20 brains from 6-week-
old male Hotsman rats (Harlan Bioproducts,
Indianapolis, IN, USA) and prepared according
to the methodology of Doucette (Doucette et al.
1997). This preparation was divided into 2ml
aliquots and frozen at �70�C. A single aliquot
was thawed for each RBA plate preparation.

. All reagents, standards and dilutions were pre-
pared in 100mM MOPS/100mM choline Cl
buffer at pH 7.4. To prepare this buffer, 20.9 g of
MOPS (3-morpholinopropanesulfonic acid) and
13.96 g of choline chloride were dissolved in
900ml of water, the pH adjusted to 7.4 and the
final volume brought to 1L with water.

Instrumentation

Scintillation counting was performed on a PerkinElmer
Life and Analytical Sciences instruments TopCount�

Model B. MicroScint-20 cocktail (PerkinElmer Life
and Analytical Sciences, Shelton, CT, USA) was used
as the scintillant for all RBA work.

Receptor binding assay (RBA) protocol

The RBA procedure involved the addition of 35 ml of
MOPS/choline Cl buffer, 35 ml of unknown sample (or
STX standard), 35 ml of 3H-STX, and 105 ml of a
1:6 diluted synaptosome preparation, in this order, to a
96-well microtitre filtration plate. A typical plate

outline is given in Figure 1. All calibration standards,

QC samples, reference samples and shellfish sample

extracts are run in triplicate on each plate. The first

three columns of each plate were used to generate a

calibration curve. Saxitoxin dihydrochloride standard

was used for the calibration curve in the following final

in-assay molar concentrations: 1� 10�6, 1� 10�7,

3� 10�8, 1� 10�8, 3� 10�9, 1� 10�9, 1� 10�10 and

1� 10�11. Three wells per plate served as a reference

blank, containing the material and reagents described

above but omitting a source of non-radiolabelled STX.

The reference blank establishes the maximum binding

(Bmax) for each plate. A quality control (QC) sample

yielding an in-assay concentration of 3.0� 10�9 M

STX standard, independently made, was used as a

daily QC check. All pipetting was carried out using a

certified, calibrated eight-channel pipette. To achieve

equilibrium binding, the plate was incubated for 1 h at

4�C, then filtered using a MultiScreen vacuum mani-

fold system and rinsed with 200ml of ice-cold (4�C)

MOPS/choline Cl buffer to remove unbound toxin. To

each well 50 ml of the scintillant (MicroScint�) were

added, and the top of the plate sealed with tape. The

prepared plate was placed inside the TopCount scin-

tillation counter for 30min. This allowed the scintillant

to dark adapt and the contents to mix, prior to

counting the receptor-bound 3H-STX.
Criteria that must be met for assay acceptance are

as follows: (1) the slope of the standard curve must be

between 0.8 and 1.2, (2) the relative standard deviation

(RSD) of counts per minute (CPM) for each standard

must be 530%, and (3) the QC check must be �30%

of the in-assay concentration of 3.0� 10�9MSTX.

Criteria for sample acceptance and quantification are:

(1) B/B0¼ 0.3–0.7 and (2) RSD of the sample CPM

must be 530%.

1 2 3 4 5 6 7 8 9 10 11 12

A 1X10-6 1X10-6 1X10-6 Ref Blank Ref Blank Ref Blank U3
1:10

U3
1:10

U3
1:10

U5
1:200

U5
1:200

U5
1:200

B 1X10-7 1X10-7 1X10-7 QC QC QC
U3

1:50
U3

1:50
U3

1:50
U6

1:10
U6

1:10
U6

1:10

C 3X10-8 3X10-8 3X10-8 U1
1:10

U1
1:10

U1
1:10

U3
1:200

U3
1:200

U3
1:200

U6
1:50

U6
1:50

U6
1:50

D 1X10-8 1X10-8 1X10-8 U1
1:50

U1
1:50

U1
1:50

U4
1:10

U4
1:10

U4
1:10

U6
1:200

U6
1:200

U6
1:200

E 3X10-9 3X10-9 3X10-9 U1
1:200

U1
1:200

U1
1:200

U4
1:50

U4
1:50

U4
1:50

U7
1:10

U7
1:10

U7
1:10

F 1X10-9 1X10-9 1X10-9 U2
1:10

U2
1:10

U2
1:10

U4
1:200

U4
1:200

U4
1:200

U7
1:50

U7
1:50

U7
1:50

G 1X10-10 1X10-10 1X10-10 U2
1:50

U2
1:50

U2
1:50

U5
1:10

U5
1:10

U5
1:10

U7
1:200

U7
1:200

U7
1:200

H 1X10-11 1X10-11 1X10-11 U2
1:200

U2
1:200

U2
1:200

U5
1:50

U5
1:50

U5
1:50 QC QC QC

Figure 1. Layout of a typical 96-well plate used in RBA. The first three columns are used to generate the calibration curve. Six
wells are used for quality control samples (QC) spiked at 3.0� 10�9 M in assay concentration, three wells are used to determine
maximum binding (ref blank) (Bmax), and the rest of the wells are used for unknown samples (U).
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Statistical analysis

MedCalc statistical software (MedCalc Software,
Mariakerke, Belgium; Windows Version 10.4.8.0;
http://www.medcalc.org) was used for all statistical
analyses. Analysis of variance (ANOVA) was used to
evaluate the significance of variability of mean counts
among sequential plate readings and among detectors
for a given plate reading. Plates found to have a
significant difference among either sequential readings
or detectors were subjected to post-hoc significance
testing with the Student–Newman–Keuls (SNK) test
for all pairwise comparisons. Prism (Graph Pad
Software, Inc., La Jolla, California, USA) was used
to generate the STX binding curves.

Results and discussion

Method variability study of RBA

Our laboratory has been following the RBA protocol
as developed by Doucette et al. (1997) and later
modified by Ruberu et al. (2003) for the detection of
STXs in shellfish matrices. This methodology involves
the competitive binding between STX analogues (in
sample) and tritiated saxitoxin (3H-STX) reagent. As
we gained more experience with the assay it became
clear that there were sources of variability that were
not well understood. This involved unacceptable levels
of variance among triplicate samples at a given
dilution, variability in reference samples, and in QC
standards placed at the beginning and end of each
plate. The RBA requires pipetting of small volumes of
reagents (35–100 ml) and is comprised of several inde-
pendent steps, each of which is a potential source of
variability. Our previous work (Ruberu et al. 2003)
determined the RSD for assays of environmental
samples to be 10%. In order to study the overall
variability of the RBA with the goal of improving the
method’s precision, it was necessary to deconstruct the
assay to its simplest components, then ‘‘rebuild’’ step
by step, evaluating each step for its contribution to
overall assay variability. Identified in this study are
inherent differences among wells of the plate for
replicate samples, heterogeneity of the rat membrane
(binding sites) in each well, and the competitive
binding process in each well. Given that each well
acts as an independent experiment within a single plate,
some amount of variability was expected for the
measured CPMs among wells.

Another factor that can contribute to assay vari-
ability is the instrument’s inherent variability among its
12 detectors, each of which reads a total of eight wells
per plate. Detector normalisation is performed as part
of routine maintenance of the instrument to minimise
the variability that may exist among detectors. To
understand detector variability it is important to know
how the detectors are set up and which order the

detectors read the wells. The TopCount� instrument
has two rows of six detectors each. The plate is read
starting from the top row A to bottom row H
(Figure 1). When a plate is read, the first set of six
detectors measure wells A1, A3, A5, A7, A9 and A11,
then move down to read wells B1, B3, B5, B7, B9 and
B11. Subsequently, wells C1, C3, C5, C7, C9, C11 and
A2, A4, A6, A8, A10 and A12 are read simultaneously
by both sets of detectors. This continues until the set of
wells G2, G4, G6, G8, G10 and G12 and the last set of
wells H2, H4, H6, H8, H10 and H12 have been read by
the second set of detectors. Not all wells are read
simultaneously. As such, with a 5-min count time per
well, the time difference between the measurement of
the first and last wells is about 50min. This can be a
substantial period with respect to dissolution between
sample and cocktail. To evaluate this potential source
of variability to the assay, the count data for the series
of plates studied were grouped by detector and
statistically analysed by ANOVA to determine if
there was a significant difference among the 12
detectors and, if so, which detectors were responsible
for this variability.

Instrument background plate

To determine the inherent background variability in
counts among the wells of a single plate, all 96 wells
were filled with 50 ml of MicroScint� cocktail and
counted three times in succession with a 30-min
dark adapt delay period prior to each measurement.
Background counts ranged from 8 to 36CPM, from 7
to 27CPM, and from 8 to 27CPM for the three
consecutive readings with average counts of 17.9, 17.8
and 16.5CPM respectively. The standard deviation
(SD) for the three count cycles ranged between 4 and
5CPM. Figure 2 shows the CPM variability of the
instrument background plate with respect to each

Figure 2. Plot of the instrument background plate second
count cycle depicting the randomness of CPMs in the 96
wells. Each datum point represents the CPM of a well read
by the respective detector. Also shown for each detector are
the mean and error bars at 2 SDs for the group of data.
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detector. Since there is no mixing of reagents involved
in this plate, the variation seen here is attributed solely
to counting statistics and to differences between the
12 detectors themselves. There was no significant
pattern of variability observed for any single detector
or to the time at which a well was counted. Although
detectors 2 and 6 exhibited lower cpm values than the
other ten detectors (Figure 2), the pattern of detector
performance varied among the three sequential plate
readings.

Blank plate

The next step was to determine the variability in counts
among wells when a source of tritium was present. For
this study all 96 wells were filled with 35 ml of 3H-STX
followed by 50 ml of MicroScint� cocktail. This blank
plate was counted five times in succession with a 30-
min dark adapt delay period prior to each counting
cycle. Potential contributors to variability such as rat
membrane preparation, competing non-labelled toxin,
the competitive binding process itself and the washing/
filtering step were absent.

Results showed a gradual increase in average
CPM for the five sequential readings (Figure 3) with
the greatest increase between the first (CPMaverage¼

700; RSD¼ 19%) and second (CPMaverage¼ 869;
RSD¼ 17%) measurements. The CPM stabilised with
the next three readings (CPMaverage¼ 915, 939, 954;
RSD¼ 17%, 16%, 16%). A one-way ANOVA deter-
mined that there was a significant difference among the
mean CPMs (p5 0.001) for the five counting cycles.
SNK post-hoc significance testing for all pairwise
comparisons determined that the first two plate read-
ings were significantly different from one another
(p5 0.05) and both were significantly different from
plate readings three through five. It also showed that
the last three plate readings were not significantly
different from one another (p4 0.05). From these

observations it is clear that the increase in CPM is due
to mixing of the aqueous phase with the cocktail. An
additional time of 3 h is needed to reach equilibrium in
mixing. This is not a practical concern for the present
assay because subsequent steps involve rinsing and
filtering of each well prior to adding the cocktail,
resulting in a single phase in each of the wells at the
time of counting. However, shaking the RBA plate
prior to the incubation step would make certain that all
the reagents in the wells are properly mixed. These
results give insight into the two-phase mixing process
in a plate format. Unlike conventional liquid scintilla-
tion counting methods where 20ml vials are vigorously
shaken to obtain homogenous mixing prior to count-
ing, in the plate format mixing can be an issue in
obtaining reproducible results when assays with two
phases are involved. This is further supported by
looking at the first set of wells measured at the start of
the count and the last set of wells measured (about
50min later) within a single plate. The former (row A)
had a CPMaverage of 447 while the latter (row H) had a
CPMaverage of 723.

Reference plate (non-competitive binding)

The next step in reconstructing the assay involved
introduction of binding sites for the 3H-STX, i.e. non-
competitive binding. In practice such a reference
sample is run in triplicate on each RBA plate and the
average CPM is used to determine maximum binding,
Bmax. This Bmax value is used as the baseline and is
compared with the sample CPM to generate the actual
binding of samples. The reference plate was prepared
by adding reagents in the following order: 35 ml of
MOPS buffer, 35 ml of 3H-STX and 105 ml of rat
membrane preparation, then processed following the
standard RBA protocol described above. This plate
was measured three successive times.

The reference plate had a higher average CPM
(1196CPM) compared with the blank plate, with an
RSD of 19%. Theoretically, the reference plate CPM
values are expected to be lower than the blank plate,
because the membrane binding sites would not retain
all of the available 3H-STX, with the excess being
removed during the filtration step. The lower CPM of
the blank plate is attributed to incomplete mixing of
the 3H-STX with the scintillation cocktail rather than
the amount of tritiated toxin present. Since there is no
aqueous phase in the reference plate, mixing does not
become an issue. When the CPM values of the wells
counted first (row A) are compared with those counted
last (row H) there was no significant difference, which
supports that phase mixing is absent. The comparable
RSDs for the blank plate and the reference plate
suggest that the addition of the rat membrane prepa-
ration, and the subsequent rinsing and filtering steps,
do not contribute a significant amount of variability to
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Figure 3. Graph of the blank plate five sequential readings
showing a gradual increase in average CPM.
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the assay. A one-way ANOVA determined that there
was no significant difference among mean CPMs
(p4 0.3) for the three sequential plate readings.

The reference plate, however, exhibited a signifi-
cant difference among detectors (two-way ANOVA,
p5 0.001). The same pattern in detector performance
was observed for all three plate readings and the SNK
pairwise comparisons determined that detector #12
was significantly different from all other detectors
(p5 0.001) (Figure 4). The data from detector #12
were omitted and the statistical analysis repeated. The
removal of this detector’s data did not change the
ANOVA outcome for sequential plate readings or
detector variability.

QC plate (competitive binding)

To evaluate the added variance component associated
with competitive binding, a non-labelled STX standard
was added to compete with the 3H-STX, creating a
competition for binding sites. For the non-labelled
STX, a solution at 1.8� 10�8 M, with a final concen-
tration of 3.0� 10�9 M in assay, was used. The
standard RBA plate configuration contains triplicates
of this solution and their average CPM is used as the
plate’s QC sample. The reagents added per well for the
QC plate were identical to the reference plate described
above, with the addition of 35 ml of QC sample prior to
the addition of 35 ml of the 3H-STX. This plate was
measured three successive times.

As expected, due to the introduction of competitive
binding, the mean CPM of the QC plate was consid-
erably lower than that of the reference plate (825 and
1196CPM, respectively). Fewer binding sites for the
radiolabelled toxin resulted in lower activity in the well
after the rinsing and filtering steps. Triplicate counting
of this plate gave an RSD of 17%. There appeared to
be a slight decline in counts over the three successive

plate readings (Figure 5). There was a slightly signif-
icant difference among successive plate readings
(p¼ 0.04), which was due to a significant difference
between the first and third plate readings (p5 0.05).

Consistent with the results of the previous plate,
there was a significant difference among detectors
(two-way ANOVA, p5 0.001). The SNK pairwise
comparisons of detectors did not identify a single
detector to be different from all others, however
detector #11 differed significantly from seven other
detectors (p5 0.05) and detector #12 differed signifi-
cantly from five other detectors (p5 0.05).

Overall assay variability

Introduction of the heterogeneous rat membrane
preparation increased RSD only slightly for triplicate
readings from 16% (blank plate) to 19% (reference
plate). This demonstrates that the number of receptor
sites in each aliquot of the membrane preparation is
fairly uniform and does not affect assay precision
significantly. With the introduction of competitive
binding (QC plate) the RSD remained in the same
range: 17%. Overall, an inherent variability of approx-
imately 17% is associated with this assay, which is
independent of the addition of the membrane prepa-
ration or the non-radiolabelled STX and subsequent
competitive binding process. When assay variability
was evaluated with respect to individual detectors,
there was no reproducible pattern in detector perfor-
mance, although there were frequent occurrences of
one or more detectors having significantly different
CPM than the rest of the detectors for a given plate.
The detectors with the lowest and highest levels of
variability were different from plate to plate. Removal
of data for a detector that was found to be significantly
different from a majority of the remaining detectors
did not change the outcome of the ANOVA for any of
the series of plates. This detector variability observed

Figure 4. Scatter plot of the reference plate, first reading
showing detector variability. Each datum point represents
the CPM of a well read by the respective detector. Also
shown for each detector are the mean and error bars at 2 SDs
for the group of data.

Figure 5. Results of the QC plate showing the variability of
CPM in the three successive readings. For each run the mean
and error bars at 2 SDs per plate are shown.
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could be attributed to pipetting error along single
rows. Since an eight-channel micropipette is used to
add reagents to single rows, an error in one such
addition will show up as a single detector inconsis-
tency. This would erroneously label one or more
detectors as being different to other detectors.
Although our initial work (Ruberu et al. 2003) on
the RBA showed an RSD of 10%; a more recent study
(van Dolah et al. 2009) demonstrated an RSD of
17.7% comparable with the current finding of 17%. It
should be noted that our initial work was conducted
using a six-detector instrument and with more experi-
enced analysts, which could be the reason for the lower
RSD for that study.

RBA acceptance criteria

In a typical RBA plate, each sample (calibration
standard sample, QC sample, unknown sample, refer-
ence sample) is run in triplicate and the average CPM
value is used for further calculations. Triplicate sam-
ples, rather than duplicates, are run to improve the
accuracy of this assay. According to the acceptance
criteria of the RBA assay (van Dolah et al. 2012), a
given set of triplicate sample data are rejected if the
RSD exceeds 30%, requiring reanalysis of the rejec-
ted sample. On average about 10% of the samples
analysed in our laboratory are rejected due to the high
variance among the triplicate values. In addition, if the
QC sample CPM has 430% RSD, then the entire
plate must be rejected. This loss of data results in the
need to prepare and run a new plate, increasing both
the turnaround time for results and the cost of the
assay. One possible way of preventing samples from
being rejected is to identify and remove outliers within
a set of replicates. By eliminating outliers, the vari-
ability of replicates may be reduced to an acceptable
level (530% RSD), preventing invalidation of the
entire plate or of individual samples. Therefore, we
investigated a statistical approach to eliminate outliers
methodically.

Grubbs’ test and Student’s t-test

A comparison of statistical outlier tests concluded that
the Grubbs’ test (Grubbs 1969) and the Student’s t-test

(Sokal and Rolf 1981) were best suited for determining

an outlier within a triplicate dataset. The Grubbs’ test

compares the suspected outlier to the mean of all

replicates, including the suspected value. The Student’s

t-test compares the potential outlier to the mean of the

remaining values. The Grubbs’ test is therefore more

conservative in approach and it would be expected that

this test would identify fewer outliers than the

Student’s t-test. The Grubbs’ test for triplicates deter-

mines that a value is an outlier if the calculated value

(G) is greater than the critical value (Z) of 1.153 at a

95% confidence interval (�¼ 0.05). The Student’s t-test

determines that a value is an outlier in a triplicate

dataset if the calculated t-value is greater than the

critical t-value of 12.706 (�¼ 0.05). By running the

triplicate sample data values through these statistical

tests, an outlier can be determined in an unbiased

fashion, possibly avoiding the rejection of the entire

sample.
The two outlier tests were evaluated by analysing

data of each plate reading for the experiments pre-

sented above. For example, statistical analysis of the

second plate reading of the QC plate, which had an

RSD of 17.5% with an average CPM value of 817,

resulted in both tests identifying a total of four outliers

(Table 1). The results calculated after the four outliers

were removed gave an average of 823CPM with a 17%

RSD. Removing the outliers did not improve the RSD

significantly but showed a slight increase in CPM.

Other plates tested for outliers had similar results, with

an insignificant lowering of the sample RSD and slight

increases or decreases in CPM. Since the CPM values

directly relate to STX concentration of a sample, it is

possible that the removal of outliers could have an

impact on the accuracy of the assay results.
In order to evaluate how outlier testing would

impact results of actual shellfish samples, 17 samples

were spiked with STX concentrations that ranged from

5 to 1000 mg/100 g shellfish tissue and were evaluated

for outliers using both statistical tests. Each triplicate

set of data were assessed in two ways: raw data (no

outliers removed) and data with outliers removed.

Each test identified the same outliers and, as expected,

the t-test identified additional outliers that were not

detected by the Grubbs’ test. Removal of the outliers

kept these samples from being rejected (530% RSD in

Table 1. Results from two outlier tests for three successive readings of the QC plate.

Plate
reading

Raw data Grubbs test outliers removed Student’s t-test outliers removed RSD % change

Mean
CPM SD RSD

Mean
CPM SD RSD

Mean
CPM SD RSD Grubbs t-test

1 854 155 18 859 152 18 859 152 18 0.03 0.03
2 817 143 18 823 140 17 823 140 17 0.03 0.03
3 803 135 17 810 135 17 809 136 17 0.01 0.00
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triplicate wells), however there was no significant
improvement in the precision of the assay. The average
recovery of STX was 118% and 113% for raw data
and data with outliers removed, respectively. Although
the assay accuracy was improved on average, some
plates showed a decrease in accuracy after outliers were
removed, indicating that the suspected outlier was
closer to the actual value than the remaining data
points. In practice, outlier testing would likely reduce
the number of samples and plates rejected, thereby
reducing the time required to report results and
lowering the per sample cost of the assay. The potential
negative effect on method accuracy suggests caution
with this approach in the absence of tangible evidence
of analytical error during plate preparation.

Control charts for RBA

A better way of identifying erroneous data is through
the use of control charts, which are based on a
laboratory’s acceptable and attainable performance
criteria for precision and accuracy for a given method.
A control chart enables the laboratory to monitor its
performance visually by updating the chart with data
from each subsequent analytical run. In this way a
control chart for each critical parameter of a method
tracks the detection of data outside of the acceptable
performance limits. Control charts are prepared by
plotting the date or run number as the abscissa and the
value of interest, e.g. STX concentration of the QC
check sample estimated on each plate, as the ordinate.
Performance limits are established by averaging at least
20 measurements that have acceptable individual sta-
tistics, setting control limits and identifying the range of
variability for that parameter. Rather than setting an
arbitrary acceptance limit of �30% for recovery of the
QC sample, each laboratory can establish control limits
based on their performance to determine whether or not
an RBA plate is acceptable. Typical control limits are
based on the number of SDs from the estimated mean.
Once the mean and SD have been determined, the
parameters from each subsequent assay are added to the
appropriate control chart to maintain a continuous
record of performance. In addition to the detection of
erroneous values that would indicate an unacceptable
plate, control charts allow tracking of systematic
changes in method performance (e.g. due to degrading
stock solutions, changes in materials like plate manu-
facturers, etc.) as well.

Figure 6 shows control charts for three RBA
parameters acquired from our laboratory over a
period of 1 year: (1) QC check standard, (2) slope of
the binding curve and (3) EC50. For each of the three
control charts, control limits were based on the mean
�2 SD of the first set of 20 acceptable data. For
example, the estimated mean for the QC check
standard (3.0 nM theoretical concentration) from the

first 20 plates was 2.94 nM and the calculated SD was
0.962 nM, resulting in control limits of between 1 and
4.5 nM (Figure 6(a)). Two data points on this plot had
QC check standard values that were found to be
outside of the control limits, requiring those two plates
to be rejected and the assay run again for those
samples. In contrast, the current RBA protocol of
�30% calculates an acceptance limit of between 2.1
and 3.9 nM for the QC check standard, which would
result in 12 data points out of control, hence the
rejection of 12RBA plates. The latter criterion is
arbitrary since the accuracy of the QC sample is
method, instrument and analyst specific and must be
established per individual laboratory.
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Figure 6. Control charts for (a) averaged daily QC samples
on a plate, (b) slope of the binding curve and (c) EC50 per
plate.
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When the established control limits are exceeded
and a trend is observed, results are investigated for
method bias and potential mistakes, allowing correc-
tive actions to be taken to address the root cause to
prevent recurrence of the error. Figure 6(b) shows the
control chart for the slope of the standard curve. The
slope was demonstrated to be a very stable parameter,
with tight control limits ranging from 0.8 to 1.3 with
no data points being rejected. The EC50 parameter is
shown in Figure 6(c). In this case a high variability is
seen at the beginning of the chart and as the analyst
gains more experience with the assay the EC50 value
becomes more consistent with less variation.

An additional parameter that has been inconsistent
and highly variable in the RBA is the maximum
binding, or top value of the binding curve. Ideally, the
standard binding curve should plateau at 100% bind-
ing. However, often times we observe the plateau
significantly below (80%) or above (120%) this value.
Such a large shift in the curve significantly affects the
final results of STX concentration in a sample. It is
sometimes caused by one or more of the lowest three
standards being out of control, thus dragging the curve
in one direction. The top plateau was monitored using a
control chart (Figure 7). The 1 SD control limit
established for this data was between 0.9 and 1.1,
which is �10% binding. We have observed that this
parameter can have a significant effect on the outcome
of the results and therefore recommend developing a
control chart to monitor its performance. Currently the
importance of the top plateau is overlooked and not
considered as an assay performance acceptance
criterion.

Conclusions

Previous studies from our laboratory demonstrated the
RBA method for the detection of STXs to be very
reliable and to have the potential of being an alternate

regulatory test method for PSP. Our current work

focused on identifying sources of variability associated

with the RBA and evaluating alternate QC approaches

for validating test plates. The assay variability work

included evaluation of each step of the assay by

deconstructing its procedural steps, and also assessing

the instrument’s detector variability. The overall var-
iability of the assay was determined to be 17%. Results

discussed above show that the variability within a plate

arises from several factors, such as counting statistics,

analyst variability, mixing of well contents with cock-

tail, and the inherent measurement technique of the

TopCount�. It is not known if the same variability

would be observed in other instruments with different
numbers of detectors or with detectors placed in a

different array. A pipetting error along a row by the

eight-channel micropipette would point to single

detector variability as well and would be hard to

identify. It is recommended periodically to evaluate

individual detector performance with either a reference
plate or a QC plate format similar to that used in the

current study.
We have explored the use of two different outlier

tests, Grubbs’ test and Student’s t-test, alone and in

combination with the allowable procedure recom-

mended in the NOAA protocol. Overall, removal of

outliers lowers the RSD between replicate wells of a
sample to 530%, thus preventing that sample from

being rejected. As a result it is expected that routine

outlier testing would reduce the number of samples and

plates rejected under the current QC criteria, which

would help minimise the turnaround time between

sample receipt and the reporting of results. The

reduction in the number of rejected samples would
also lower the cost per sample of the assay. Although

some improvement in precision will be gained when an

outlier is excluded, it is possible that accuracy will be

diminished if the excluded value is closer to the actual

target concentration. The potential negative effect on

method accuracy suggests that the removal of sus-

pected outliers should only be considered if it is
suspected that there is an error associated with the

sample(s) involved (e.g., a pipetting error).
Another avenue explored was the use of control

charts for monitoring the three critical parameters of

the RBA method, i.e. QC check standard, slope and

EC50. Establishing acceptable limits within each labo-
ratory for respective parameters will ensure consistent

performance over time, identify plates that must be

rejected because one or more parameters are outside of

the set control limits, and allow identifying and

correcting process changes that would affect every

assay. Establishing control limits for the maximum

binding (Bmax) as a fourth critical parameter for RBA
performance is recommended. Such a development of

associated control charts can be a part of the
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Figure 7. Control chart for the top plateau, maximum
binding (Bmax), of the calibration curve.
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laboratory’s routine QC programme and is recom-
mended as the primary quality control process for
the RBA.
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