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There is little published data on the performance of hand-portable polymerase chain reaction (PCR) systems that can

be used by first responders to determine if a suspicious powder contains a potential biothreat agent. We evaluated 5

commercially available hand-portable PCR instruments for detection of Bacillus anthracis. We used a cost-effective, sta-

tistically based test plan to evaluate systems at performance levels ranging from 0.85-0.95 lower confidence bound (LCB) of

the probability of detection (POD) at confidence levels of 80% to 95%. We assessed specificity using purified genomic

DNA from 13 B. anthracis strains and 18 Bacillus near neighbors, potential interference with 22 suspicious powders that are

commonly encountered in the field by first responders during suspected biothreat incidents, and the potential for PCR

inhibition when B. anthracis spores were spiked into these powders. Our results indicate that 3 of the 5 systems achieved

0.95 LCB of the probability of detection with 95% confidence levels at test concentrations of 2,000 genome equivalents/mL

(GE/mL), which is comparable to 2,000 spores/mL. This is more than sufficient sensitivity for screening visible suspicious

powders. These systems exhibited no false-positive results or PCR inhibition with common suspicious powders and reliably

detected B. anthracis spores spiked into these powders, though some issues with assay controls were observed. Our testing

approach enables efficient performance testing using a statistically rigorous and cost-effective test plan to generate per-

formance data that allow users to make informed decisions regarding the purchase and use of field biodetection equipment.
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The anthrax attacks of 2001 and other bioterror
plots highlight the need for first responders to

have field biodetection tools that can rapidly and accu-

rately identify potential biothreats to support short-term
tactical decision making.1,2 Early identification of and
rapid response to biological threats can save lives,
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minimize the potential spread of contamination, and
reduce costs associated with additional exposures, re-
sponse, and remediation.

First responders to a ‘‘suspicious powder’’ event may
perform initial presumptive screening tests to inform public
safety actions and incident management. To enable effec-
tive short-term tactical decisions, equipment that can be
used in the field to quickly screen suspicious samples for the
presence of potential biothreat agents is needed. Market
research to identify commercially available biodetection
instruments and assays designed for use by first responders
has been carried out and the results compiled in a product
guide titled Biodetection Technologies for First Responders, which
can be downloaded at no cost (http://biodetectionresource.
pnnl.gov).3 The technologies identified in this product guide
include general biological indicator tests such as protein or
adenosine triphosphate tests, biothreat agent–specific im-
munoassays, and polymerase chain reaction (PCR) systems.4

Immunoassays and PCR assays provide more specific iden-
tification of biological threats than do biological indicator
tests.5,6 PCR provides the highest level of sensitivity and
specificity, although immunoassays are generally more sen-
sitive for toxin detection.7-12 Unfortunately, scant statisti-
cally based performance data are available for these
biodetection technologies to allow first responders and other
end users to make informed procurement decisions.

Standards exist for evaluation of biodetection systems,13-15

including a protocol for PCR evaluation for B. anthracis
detection that was developed by the Association of Official
Analytical Communities (AOAC) in cooperation with the
US Department of Homeland Security–sponsored Stake-
holder Panel on Agent Detection Assays (SPADA).16,17

However, these protocols typically require extensive effort
and expenditures to evaluate a single instrument. For ex-
ample, BioFire Diagnostics reported testing 2,479 samples
on a RAZOR� EX system to gain certification as an AOAC
Performance-Tested Method following the test plan out-
lined by AOAC Standard Method Performance Require-
ment (SMPR) 2010.003.12,17 The assay evaluated for this
previous certification is not commercially available; how-
ever, using the RAZOR� EX Ten�10 Target Screen Kit,
this testing would have cost $495,800 for the test kits alone.
Biodetection technologies are rapidly advancing—for ex-
ample, one of the instruments we tested (Tetracore T-COR
4�) has already been replaced by a newer model (T-COR
8�), while another has been discontinued (Smith Detec-
tion Bio-Seeq PLUS�). Thus, testing approaches are
needed that balance the need for a validated instrument/
assay with the need for a process that is neither cost- nor
time-prohibitive to allow for timely testing of new tech-
nologies and improved assays.

Therefore, we developed a statistically based test plan
that provides a more time- and cost-effective approach.
This plan allows users to test to a given standard, knowing
in advance the maximum number of tests that will be
required. We conducted a side-by-side comparison of 5

different hand-portable PCR instruments that had com-
mercially available assays for B. anthracis. The PCR systems
are approximately the size of a car battery or smaller, and,
with the exception of the BioFire Diagnostics FilmArray�

and GeneReach USA Pockit�, the systems can all run off
of self-contained battery power. These systems range in
weight from 5 to 20 pounds with assay times of 30 to 60
minutes. We used DNA from 13 B. anthracis strains for
inclusivity testing (to assess the potential for false-
negative results) and 18 near-neighbor strains for exclu-
sivity testing (to assess the potential for false-positive
results). We also tested whether 22 commonly encountered
suspicious powders generated false-positive results or
caused other problems with the assay, and we tested the
powders spiked with B. anthracis spores to determine if
the powders interfered with the instruments’ performance
(eg, caused a false-negative result).

Our instrument evaluation metrics were guided by 2
published standards. The highest performance metric is
described in AOAC SMPR 2010.003 for laboratory PCR
detection of B. anthracis,17 which specifies a 5% lower
confidence limit on the probability of detection of 0.95.
The lower performance metric we used was guided by
American Society for Testing and Materials (ASTM)
standard E2885-13 for handheld chemical vapor detec-
tors,19 which specifies a probability of detection of ‡0.85
with an approximate 80% confidence level. Because the
probability of detection needed for evaluation of instru-
ment performance represents a minimum level, we used a
one-sided confidence interval on the probability of detec-
tion parameter, where only the lower confidence bound
(LCB) is calculated, rather than the traditional 2-sided
confidence interval. Imposing minimum requirements on
the lower confidence bound of 0.85-0.95 with a stated level
of confidence ensures that the estimate of the probability of
detection is at least as good as the lower confidence bound.
In this way, requirements on the lower confidence bound
with a prescribed level of confidence can help ensure that a
sufficiently large number of replicates are used for testing
and the performance of the system is adequately described.
We designed a test plan to assess performance of the 5
instruments over a similar range of criteria in these pub-
lished standards (0.85 LCB/80% CL to 0.95 LCB/95%
CL), but using a slightly different statistical approach. The
performance metrics applied to the inclusivity (target), exclu-
sivity (nontarget), and suspicious powder testing and estab-
lish the lower confidence bound on the probability of
obtaining the correct answer, whether it is a true positive (in-
clusivity) or a true negative (exclusivity and powder samples).

Four of the instruments we evaluated also offered assays
for the protein toxin ricin by indirectly targeting DNA
from Ricinus communis. We conducted limited testing of
these assays, and those experimental results are presented
in the supplemental information that accompanies this
article (http://online.liebertpub.com/doi/suppl/10.1089/
hs.2017.0031).
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Materials and Methods

Instruments and Assays
The 5 instruments and associated B. anthracis assays that
we evaluated are listed in Table 1. Although some previ-
ous testing of the FilmArray� has occurred for B. anthracis,
Yersinia pestis, and Francisella tularensis, DNA detection11

and some RAZOR� EX system testing has been done
for the analysis of aerosol filter extracts,12 the previous
studies were not intended to evaluate the detection of
biothreats in suspicious powders. Therefore, these instru-
ments were included in this study to provide a side-by-side
comparison using the same statistically based test plan for
evaluating the performance of the hand-portable PCR
systems for screening powders for B. anthracis. Some
manufacturers offered individual assays for B. anthracis,
and others offered multiplexed assays designed to detect
more than one biothreat agent in a single test. All instru-
ments and assay kits were purchased from the manufacturer.

FilmArray� Assays
The FilmArray� instrument analyzes a single sample at a time
for 16 biothreats (the ‘‘BioThreat Panel,’’ which includes 27
targets for the 16 biothreat agents).3 The pouch includes 3 B.
anthracis targets (pXO1, pXO2, and B. anthracis chromo-
some) and requires detection of all 3 targets before a B. an-
thracis positive result is generated; with fewer than 3 positive
targets, the sample is identified as Bacillus species. The pouch
includes inhibition and positive controls. Samples were loaded
and analyzed according to the manufacturer’s instructions.

RAZOR�

The RAZOR� instrument can analyze a single sample at a
time using an individual 10-threat pouch (Ten� Target
Screen). The pouch includes a pXO2 assay for B. anthracis
along with analyses for 9 other biothreats.3 The pouch
incorporates a PCR inhibition control and a positive con-
trol. Samples were loaded and analyzed according to the
manufacturer’s instructions, with minor modifications to
ensure a known concentration of DNA or powder was used.

T-COR 4�
The T-COR 4� is a 4-channel instrument that can analyze
up to 4 samples at a time. The pXO2 assay includes an
internal positive control. Samples were loaded and analyzed
according to the manufacturer’s instructions.

POCKIT�
The POCKIT� is an 8-channel instrument that can ana-
lyze up to 8 samples at a time (not including external
positive controls). The pXO2 assay does not include in-
ternal controls, so a sample position must be used for
an external positive control, which is provided as a sepa-
rate solution. Including a blank (negative) and external
positive control with each analytical run allows the anal-
ysis of up to 6 analytical samples per run. Samples were
loaded and analyzed according to the manufacturer’s
instructions.

Bio-Seeq�
The Bio-Seeq� PLUS is a 6-channel instrument capable of
programming the temperature and cycle time of each
channel independently. Each assay includes an internal
positive control. Samples were loaded and analyzed ac-
cording to the manufacturer’s instructions. The Bio-Seeq�
PLUS generates a positive, negative, or indeterminate re-
sult. Indeterminate results were re-read once per manu-
facturer instructions, and, if still indeterminate, the result
was considered an assay failure and not a false positive or
negative (ie, it was not considered in the statistical perfor-
mance assessment).

Each day prior to all testing, the laboratory space was
disinfected by thoroughly wiping down the working area
with the following solutions in sequence: (1) 10% bleach,
(2) ultrapure water, (3) DNA AWAY� (Thermo Scientific,
Carlsbad, CA), and (4) 70% ethanol. If blanks (no tem-
plate/negative controls) analyzed at any time during testing
were positive, the space was cleaned again and the analysis
was repeated. The analyst wore safety glasses, nitrile gloves,
and a lab coat during all work.

The instruments underwent the following tests:

Table 1. PCR Systems and Assays Evaluated in this Study

Instrument Manufacturer B. anthracis Assay Tested

FilmArray� BioFire, Salt Lake City, UT BioThreat Panel with
internal controls

RAZOR� EX BioFire, Salt Lake City, UT Ten� Target Screen Kit
with internal controls

T-COR 4� Tetracore, Rockville, MD T-COR 4TM pXO2 assay
with internal control

POCKIT� GeneReach USA, Lexington, MA pXO2 assay, no internal
control

Bio-Seeq� PLUS Smiths Detection, Edgewood, MD pXO2 assay with internal
control
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� Inclusivity: DNA from 13 different B. anthracis strains
� Exclusivity: DNA from 18 different near-neighbor strains
� Suspicious powders: 22 commonly encountered suspi-

cious powders
� Biothreat-spiked suspicious powders: 22 common pow-

ders, each spiked with B. anthracis spores

Samples

Inclusivity and Exclusivity DNA Panels
The AOAC SMPR 2010.00317 was used to guide the se-
lection of inclusivity and exclusivity Bacillus strains for
DNA-based testing. (See Supplemental Information and
Tables S1 and S2 for further information.)

All inclusivity strain DNA was obtained from the Crit-
ical Reagents Program (CRP) through the Biodefense and
Emerging Infections Research Resources Repository (BEI
Resources, Manassas, VA) with the exception of PAK-1.
The apparent PAK-1 strain obtained from CRP was found
to be lacking the pXO2 plasmid; therefore, we obtained a
PAK-1 strain from Midwest Research Institute (Kansas
City, MO), which did test positive for pXO2 (see discus-
sion below on DNA stock screening).

Exclusivity strains and sources are listed in Table S2 in the
supplemental information. We obtained DNA from BEI
Resources, and for those DNA strains not available from
BEI, we obtained cultures from the American Type Culture
Collection (ATCC, Rockville, MD) and from Dr. Karen
Hill of Los Alamos National Laboratory. Exclusivity DNA
that was prepared on-site was isolated from freshly cultured
stocks using the Qiagen DNeasy Blood and Tissue kit
(Valencia, CA) as per the manufacturer’s protocol.

All DNA stocks were quantified using the Invitrogen
Quant-iTTM PicoGreen� assay kit (Grand Island, NY), us-
ing either the lambda phage DNA provided in the kit or
lambda phage DNA from New England Biolabs (Ipswitch,
MA). To confirm that the DNA stocks were free of PCR
inhibitors, DNA from the inclusivity (2,000 GE/mL) and
exclusivity (20,000 GE/mL) panel strains were analyzed by
PCR in triplicate using an ABI 7500 Fast Real-Time PCR
System (Life Technologies, Grand Island, NY), with primer
and probe sets designed to detect the respective DNA.20 The
purified genomic stocks did not exhibit any PCR inhibition.

B. anthracis Spores
Spore stocks were cultured, prepared, loaded into assay
pouches or cartridges, and analyzed inside of a biological
safety cabinet in a biosafety level 3 (BSL-3) laboratory space
following all health and safety requirements for BSL-3 op-
erations. All BSL-3 work was conducted at the Battelle
Eastern Science and Technology Center in Aberdeen, MD. B.
anthracis Ames was grown on nutrient agar plates with 5mg/
mL manganese sulfate, and after approximately 14 days the
spores were removed from the plates and washed twice with
sterile water. The concentration of the spores was determined
via colony counting on tryptic soy agar plates in triplicate.
Shaeffer-Fulton staining of the prepared spores was used to
screen for the presence of vegetative cells. Phase contrast
microscopy (bright and dark-field conditions) was also used
to assess spore quality, where the stock was demonstrated to
have nearly 100% ‘‘phase bright’’ spores. Based on these as-
sessments, spores were deemed acceptable for use in further
testing. The mean concentration from all enumerations of the
working stock was calculated and used as the final concen-
tration of the stock for use in spore sample preparations. All
spore samples were prepared from this working stock.

Suspicious Powders
Suspicious powders (see Supplemental Information
Table S3 for details) were selected from those listed in
AOAC SMPR 2010.005,15 which is a method developed
for testing immunoassays for screening visible powders.
Additional powders were selected based on feedback from
more than 2 dozen first responders. Powders were acquired
from Amazon.com. Epson salt and Dipel dust were pur-
chased from local home and garden stores.

Stock solutions/suspensions of the powders were pre-
pared in microcentrifuge tubes at a concentration of 10 mg/
mL using Tris-EDTA (TE) buffer and vortex mixing. The
stock solution/suspension of each powder was prepared
fresh daily. The stock powder solution was diluted using the
manufacturer-recommended assay buffer to a final con-
centration of 0.1 mg/mL for testing. The PCR systems were
tested using pure powder suspensions and powder sus-
pensions that had been spiked with B. anthracis Ames
spores. The powder suspensions were spiked with spores at
the lowest concentration of spores that was consistently

Table 2. Estimated Sensitivity of the PCR Systems When Challenged with Specific Numbers of Spores or Spore
Concentrations. Data are reported as number of positive results/total tests performed.

Spores/Assay: 20 200 2,000 * *

Spores/mL: * * * 2,000 20,000

FilmArray� 0/3 5/5 Not tested 3/3 Not tested
RAZOR� EX Not tested 2/5 5/5 3/3 Not tested
T-COR 4TM 1/3 5/5 Not tested 3/3 Not tested
Bio-SeeqTM PLUS Not tested 1/5 5/5 Not tested 5/5
POCKITTM 1/3 5/5 Not tested 3/3 Not tested

*Varies depending on sample volume required for each assay (see Table 3).
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detected (ie, detection of all replicates at a given concen-
tration) by the instrument (see Tables 2 and 3). Sample
tests resulting in assay control failures were not repeated, as
control failures can be indicative of PCR inhibition by the
powder. Assay control failures did not count toward a
‘‘statistical’’ failure in the performance metrics.

Results

Sample Concentrations for Testing
AOAC SMPR 2010.00317 was written as guidance for lab-
oratory analysis of aerosol collection filters and/or liquids,
rather than powders. The AOAC standard establishes a re-
quired probability of detection of ‡0.95 as demonstrated by
an estimated 5% lower confidence limit at a defined ac-
ceptable minimum detection level (AMDL) of 2,000 spores/
mL or GE/mL. The smallest amount of a powder that can be
considered a ‘‘visible powder’’ from the standpoint of a po-
tential biothreat incident is between 0.01 and 0.1 mg, which
represents 107 to 108 spores, because there are approximately
109 spores in 1 mg.21 Therefore, a test concentration of
2,000 spores/mL is more than sufficient for the application
of screening visible suspicious powders, even considering
losses for potential sample collection and extraction step
inefficiencies when analyzing spores.

Initial testing established whether the various instruments
could detect at least 2,000 spores/mL. In 3 out of 3 trials, all
systems except the BioSeeqTM PLUS detected B. anthracis in
the samples at this concentration. After consultation with the
manufacturer, we performed additional testing of the Bio-
SeeqTM PLUS with a suspension of 20,000 spores/mL, and
it positively identified B. anthracis in 3 out of 3 trials.

We also tested whether the instruments could successfully
identify B. anthracis when specific numbers of spores were
added to the assays. All the systems were able to detect either
200 or 2,000 spores in 5 of 5 trials (Table 2). Spores, however,
can have significant extracellular DNA adhered to their sur-
face. No system successfully detected 20 spores in all trials.
Because each assay used different sample volumes, when the
same number of spores was deposited into each assay, the
concentration of spores in each assay varied (Table 3). The
lowest concentration of spores consistently detected (LCCD)

by the various systems in our limited testing is shown in
Table 3. The values for the FilmArray� and RAZOR� EX
were in good agreement with the limits of detection reported
by the manufacturer (500 and 1,000 spores/mL, respectively).
The limit of detection reported by the manufacturer for the
BioSeeq� PLUS (3,750/mL) was determined using vegeta-
tive cells rather than spores and so is not directly comparable
with our results. No limits of detection were reported by the
manufacturers of the POCKIT� or the T-COR 4�.

Based on the results shown in Tables 2 and 3 and the
AOAC SMPR 2010.003 sample test concentration, we
used 2,000 and 20,000 GE/mL when performing the in-
clusivity and exclusivity tests, respectively, with all the
systems except the BioSeeq� PLUS. We conducted in-
clusivity and exclusivity testing on the BioSeeq� PLUS
using 20,000 and 200,000 GE/mL, respectively. For the
powder testing, we spiked suspensions of each powder with

Table 3. Concentration of spores in the various assays when specific numbers of spores were added,
and the lowest concentration of spores that was consistently detected in our tests

PCR Platform

20 Spores/Assay
(spores/mL in
test sample)

200 Spores/Assay
(spores/mL in
test sample)

2,000 Spores/Assay
(spores/mL in
test sample)

LCCDa

Spores/mL

FilmArray� 67 675 Not tested 675
RAZOR� EX Not tested 100 1,000 1,000
T-COR 4TM 667 66,700 Not tested 2,000
Bio-SeeqTM PLUS Not tested 4,000 40,000 20,000
POCKITTM 400 4,000 Not tested 2,000

aLowest concentration consistently detected; see Table 2.

Table 4. Lower confidence bound (LCB) and confidence
level (CL) achieved with 79 tests, as a function
of the number of failed tests

Total Number of Tests = 79

Confidence Level 95% 90% 85% 80% 75%

Number of Failed Tests Lower Confidence Bound Values

1 0.95 0.96 0.97 0.97 0.98

2 0.93 0.94 0.95 0.96 0.96

3 0.91 0.92 0.93 0.94 0.94

4 0.89 0.91 0.92 0.92 0.93

5 0.88 0.89 0.90 0.91 0.92

6 0.86 0.88 0.89 0.90 0.90

7 0.84 0.86 0.87 0.88 0.89

8 0.83 0.85 0.86 0.87 0.87

9 0.81 0.83 0.84 0.85 0.86

10 0.80 0.82 0.83 0.84 0.85

White: meets 0.95 LCB/95% CL performance metric.
Light gray: meets 0.85 LCB/80% CL performance metric.
Dark gray: does not meet lowest performance metric.
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the lowest concentration of spores consistently detected by
the different instrument systems (Table 3).

Performance Metrics and Test Plan
Design
AOAC SMPRs require each strain to be tested only 1 time.
If a failure occurs, an additional 96 tests are performed for
the strain with the failure. Under this testing approach,
assay failures will tremendously increase the number of
samples (requiring up to thousands of tests if failures occur
for multiple strains) and also significantly increase the time
and cost to complete the evaluation for each instrument.
In addition, this approach does not achieve the AOAC ac-
ceptance criteria of 0.95 probability of detection with 95%
confidence level if there are no failures. With no failures for
B. anthracis testing,17 20 exclusivity strains are analyzed and
15 inclusivity strains are analyzed with only 1 replicate each,
which results in an estimated lower confidence bound of the
probability of detection of only 0.88 with 95% confidence
level and an estimated lower confidence bound of the
probability of detection of only 0.85 with 95% confidence
level, respectively. Furthermore, with only 1 replicate per
sample when there are no failures, these performance met-
rics assume strain equivalency, because without assuming
equivalency, obtaining a positive result for a single assay
replicate would lead to nearly no information regarding the
lower confidence bound of the probability of detection.

Therefore, we developed an alternative testing approach
that can be used to test to a range of acceptable performance
criteria while minimizing the number of samples required
for testing. Using a 1-sided score confidence interval, the
number of samples that need to be tested to achieve a lower
confidence bound of 0.95 of the probability of detection at
a 95% confidence level can be determined.22 Under this
testing approach (see Figure 1):

� 47 samples must be tested without a single failed result;
� 79 samples must be tested with no more than a single

failed result; or
� 107 samples must be tested with no more than 2 failed

results.

The reduction per test can be as significant as going from
96 replicates (AOAC methodology) to 79 replicates with
the methodology we propose for the case where 1 failed
result is observed. When there are no failed tests, 47 replicate
tests result in an estimated lower confidence bound of 0.95
in a one-sided 95% confidence interval, which is fairly rig-
orous, and, as we have mentioned, a level of performance
that is not achieved by testing each of the 15 or 20 strains a
single time. When failed tests were observed, we tested up to
79 replicates, because 1 failure in 79 tests provides the same
lower confidence bound in a one-sided 95% confidence in-
terval as the case with 47 tests and no failures. If more than 1
failure is observed, the number of tests needed to maintain
the statistical standards of 0.95 lower confidence bound and

Figure 1. Number of independent tests required to meet the performance criterion of 0.95 LCB and 95% confidence at the sample
test concentration. If the number of failed results is 0 out of 47 tested samples, 1 out of 79 samples, or 2 out of 107 samples, then a
device meets the lower confidence bound of the probability of detection of 0.95 (indicated as the horizontal line) at the sample
concentration with 95% confidence. The vertical lines matching the curves bound the regions, in number of samples tested, where the
lower confidence bound for a 1-sided 95% confidence interval is equal to 0.95 to 2 decimal places for the cases where 0, 1, or 2 failed
tests are observed. For example, the 2 dashed vertical lines indicate that a lower confidence bound estimate of 0.95 (to 2 decimal places)
will be observed with 0 failed tests and between 47 and 57 samples tested.
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95% confidence level in a 1-side confidence interval quickly
become cost- and time-prohibitive, which is why the testing
was limited to 79 samples/test panel/instrument. If multiple
failed tests are observed, a lower confidence bound with a
specified confidence level can still be computed after the 79
tests are completed, providing the user with a known per-
formance metric for the PCR system.

It is important to note that for the purposes of testing, all
inclusivity strains are assumed to be equivalent and all ex-
clusivity strains are assumed to be equivalent. This does not
mean that these strains are biologically equivalent, but
rather that from an inclusivity and exclusivity panel per-
spective, they should result in true-positive or true-negative
results, respectively. In addition, while the different suspi-
cious powders are clearly not equivalent from a chemical or
physical property perspective, all powders are assumed to be
equivalent for testing purposes because they should all
generate true-negative results (ie, powders are a type of
exclusivity or interference panel). This assumption means
that it is not necessary to test each individual strain or
powder 47 times (with no failures).

Our approach is practical and more reasonable than the
AOAC guidance because the current AOAC guidance calls
for testing each strain a single time if there are no failures,
resulting in not enough replicates to have any confidence
that the desired probability of detection is achieved.
However, if a failure is observed for the AOAC approach,
then 96 tests must be performed for each strain that fails,
which is very time- and cost-intensive. If multiple failures
are observed, using the AOAC guidance can result in
thousands of tests being required, and the instrument
under evaluation still may fail to achieve acceptable sta-
tistical performance. While assuming equivalency is not
ideal and must be considered from a statistically based
testing panel perspective (ie, not from a biological or
chemical equivalency standpoint), it allows the development
of a test plan that is not cost- and time-prohibitive. Our
approach will allow the baseline performance of instruments
that are currently being used or being considered for field
screening by first responders to be evaluated where there
would otherwise be no published performance data at all.

Our test plan was used to evaluate whether the perfor-
mance of the PCR instruments met the specifications of
AOAC SMPR 2010.003 (0.95 lower confidence limit of
the probability of detection with 95% confidence level) or
ASTM E2885-13 (‡0.85 probability of detection with an
approximate 80% confidence level) (but we used a slightly
different statistical approach than these standards, as dis-
cussed previously). These 2 standards are the only known
published standards for field detection of chemical or bio-
logical threat agents by first responders and provided
guidance for the upper and lower limits of the levels of
performance we propose: 0.95 LCB/with 95% CL and 0.85
LCB/80% CL, respectively. Testing to a metric within this
range of performance constitutes a reasonable and practi-
cally achievable approach that will allow producers and

consumers to understand the true performance of field
detection equipment and select a product with a suitable
level of performance for the particular application.

We chose to conduct a maximum of 79 tests for each test
module (ie, inclusivity, exclusivity, and suspicious powders) as
shown in Table 4. If the assay had 47 correct results with no
failures, the system achieved 0.95 lower confidence bound
with 95% confidence level for that test. However, if there were
1 or more failures, up to 79 tests were performed. If there were
10 failed tests, then the results fell below our lowest perfor-
mance metric (<0.85 LCB/<80% CL, shown in dark gray in
Table 4), and testing was halted. This test plan resulted in
conducting as few as 10 (if there are 10 initial failures) and at
most 79 tests (if there are 1-9 failures) for a given DNA
inclusivity, DNA exclusivity, or suspicious powder panel.

Inclusivity, Exclusivity,
and Suspicious Powder Testing
Inclusivity DNA testing was conducted using 3 replicates
each of 13 B. anthracis strains, plus at least 8 additional tests
(to obtain a total of 47 tests), where the 8 additional strains
were selected in a statistically randomized fashion. Selecting
samples randomly ensures that effects on the test due solely
to the identity of a sample (eg, how it was prepared or
collected) are mitigated, and that conclusions reached from
the tests are therefore valid across the range of samples used
for the evaluation. The total numbers of assays performed
(47 or 79) are needed to demonstrate that the above-
described statistical requirements are met (when 0 failures
occur or 1 failure occurs, respectively).

Each test was conducted using 2,000 GE/mL final
concentration, with the exception of the Bio-Seeq� PLUS,
which was tested at 20,000 GE/mL. All of the systems met
the 0.95 LCB/95% CL performance metric with no failures
in 47 tests except for the BioSeeq� PLUS (Table 5). The
BioSeeq� PLUS had 10 failed inclusivity tests in 53 trials,
and testing was halted.

Exclusivity DNA testing was conducted using 2 replicates
each of 18 near-neighbor Bacillus strains plus at least 11
additional tests where strains were selected at random. Ex-
clusivity testing was conducted at 20,000 GE/mL final assay
concentration, except for the Bio-Seeq� PLUS, which was
tested at 200,000 GE/mL. All of the systems met the 0.95
LCB/95% CL performance criterion except the POCKIT�,
which achieved a slightly lower performance metric of 0.91
LCB/95% CL, with 3 failures in 79 tests (Table 5).

The 22 suspicious powders (see Supplementary In-
formation Table S3) were each tested in triplicate to assess
any potential impact to the assay. The FilmArray�, RAZOR
EX�, and T-COR 4� had no false-positives (Table 5). The
Bio-Seeq� PLUS had 1 false-positive (polyethylene glycol
[PEG] was the sample), so we conducted an additional 13
tests using randomly selected powders with no further false-
positives. The POCKIT� had 15 false-positives and there-
fore failed to meet our lowest performance metric.
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Assay Interference by Common
Suspicious Powders
We also tested the common suspicious powders to deter-
mine if they interfered with the assays. We spiked 0.1 mg/
mL suspensions/solutions of the 22 powders with B. an-
thracis Ames spores at the lowest concentration consistently
detected by each instrument in our previous tests (Table 3).
The agent concentrations were therefore different for each
instrument. Each spiked powder was tested twice.

All 22 spiked powders tested positive for B. anthracis in 2
of 2 tests on the FilmArray�, the T-COR 4�, and the
POCKIT�. White flour was tested 3 times with the Film-
Array� because 1 assay was deemed invalid due to a soft-
ware error, while with the T-COR 4�, 1 assay with PEG
resulted in an expected true-positive B. anthracis detection
but was negative for the internal positive control.

Of the 22 spiked powders, popcorn salt generated 1
false-negative result on the RAZOR� EX. The rest of the
powders tested positive 2 of 2 times. Two of the assays had
internal control errors: 1 assay with borax and 1 assay with
powdered toothpaste generated positive inhibition controls,
but the internal positive control was negative, suggesting a
possible manufacturing defect in the RAZOR� EX pouch.

Only 13 of the 22 spiked powders tested positive for
B. anthracis in 2 of 2 trials on the Bio-SeeqTM PLUS.
Coffee creamer, baking powder, and road dust generated 1
true-positive and 1 false-negative result each. Baking soda
and Epsom salt generated 1 true-positive and 1 indeter-
minate result each. PEG, chalk dust, and borax generated 2
indeterminate results each. White flour and kaolin resulted
in 1 indeterminate and 1 negative result each.

Discussion

Determination of Test Sample
Concentration
The PCR systems we evaluated for screening suspicious
powders are hand-portable instruments and assays that are

used or could be used in the field by first responders. ASTM
E2458-1018 provides a protocol for field collection of
powders suspected of containing a biological threat agent,
such that the maximum amount of powder is collected and
sent to a reference laboratory in the Centers for Disease
Control Laboratory Response Network for confirmatory
analysis (Method A). The standard specifies that any
powder remaining after this collection procedure can be
sampled with a moistened swab and subjected to field bi-
ological assessment (Method B). We conducted a limited
study and determined that 1 to 10 (average 6 – 3) mg of
powder typically remained after carrying out this procedure
on 22 different powders in triplicate. Published data indi-
cate there are approximately 1012 B. anthracis spores/g;21

therefore, 1 mg of pure spores would contain approximately
109 spores. One possible scenario for an intentional bio-
logical release is the use of a common powder spiked with
biothreat agent. If a trace amount of biothreat agent (eg, 10
micrograms) is spiked into a benign powder (eg, 1 mg), this
sample would contain approximately 107 spores. The
protocols for the assays use a moistened swab to collect and
suspend the sample in buffer, typically about 1 mL. Sus-
pending 0.1 mg of a powder spiked with 1% spores, as
described above, would provide approximately 106 spores/
mL, far higher than the minimum concentrations required
for consistent detection for all of the PCR systems (Table 3).

Biodetection Instrument Performance
We tested all the instruments except the BioSeeq� PLUS
at 2,000 spores/mL or GE/mL. We used 20,000 GE/mL to
evaluate the BioSeeq PLUS�, based on the initial results of
our sensitivity screening.

Our DNA testing results indicated that the assays tested
on 3 PCR instruments (FilmArray�, RAZOR� EX, and
T-COR 4�) met the 0.95 LCB/95% CL for inclusivity
DNA (true-positives), exclusivity DNA (true-negatives), and
tests with the suspicious powders. Of these 3 platforms, the
FilmArray� required the fewest manipulations by the operator
to carry out a test, while the T-COR 4� required the most.

Table 5. Performance of the 5 PCR systems for inclusivity, exclusivity, and suspicious powder testing.
Data are reported as number of positive results/total tests performed.

Test Panel FilmArray�
RAZOR�

EX T-COR 4TM
Bio-SeeqTM

PLUS* POCKITTM

Inclusivity strain DNA
(2,000 GE/mL)a

47/47 47/47 47/47 38/53 47/47

Exclusivity species DNA
(20,000 GE/mL)a

1/79 1/79 0/47 0/47 3/79

Common suspicious powders
(0.1 mg/mL)

0/66 0/66 0/66 1/79 15/66

aUsed 10X higher concentration for Bio-SeeqTM PLUS testing.
White: meets 0.95 LCB/95% CL performance metric.
Light gray: meets 0.85 LCB/80% CL performance metric.
Dark gray: does not meet minimum performance metric.
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When tested for sample matrix effects or interference by
powders (Table S3), the FilmArray� tested positive for
Coxiella burnetii in 2 samples, 1 each with milk powder and
infant formula (the BioThreat Panel assay included targets
for this pathogen as well as B. anthracis and 15 additional
biothreats). Coxiella burnetii is a common pathogen found
in milk, and the positive PCR results are presumed to be
from residual C. burnetii DNA fragments that survived
pasteurization.23 This study was focused only on B. an-
thracis assays, and the additional signatures were not part of
this evaluation, so these were not counted as FilmArray�

failures for B. anthracis (and they were likely not failures
because C. burnetti DNA actually may have been present in
the milk powder). Neither the RAZOR nor the T-COR
4� exhibited any false-positive results with any of the pure
powders tested; however, the T-COR 4� had numerous
internal control failures or had internal controls with low
fluorescence readings when tested with pure powders,
which were not counted as assay failures.

All 3 of these instruments detected B. anthracis in the
spiked powders at the lowest consistently detected concen-
tration we estimated for each instrument (Table 3), except
for one RAZOR� false-negative for B. anthracis spiked into
popcorn salt. This false-negative was at a concentration of
1,000 spores/mL, which is lower than our minimum test
concentration of 2,000 spores/mL. The RAZOR EX� had
2 positive control failures, and the T-COR 4� had 1 in-
ternal control failure for the spiked powders. These control
failures were not counted as assay failures. Both the Film-
Array� and RAZOR have been tested in other studies, and
our results are consistent with current literature.3,7-9,11,12

The Bio-Seeq� PLUS pXO2 assay was tested at a con-
centration 10 times higher than other instruments based on
our initial LCCD scoping studies (Table 3). Even at this
concentration, the platform returned 10 false-negatives in
the inclusivity testing. Consequently, this instrument failed
to meet our lowest performance criterion of 0.85 LCB/80%
CL for inclusivity, but it did achieve a 0.95 LCB/95% CL
for exclusivity testing and with the suspicious powders
(Table 5). For powder samples spiked with spores, a large
number of false-negative results were obtained and the
system failed to meet the lowest performance criteria.

The POCKIT� pXO2 assay met the 0.95 LCB/95%
CL metric for inclusivity testing, with no failures in 47 tests,
and it correctly detected B. anthracis in 2 of 2 trials with each
of the 22 spiked powders. It met the 0.85 LCB/80% CL
metric for exclusivity testing with 3 sample failures in 79 tests
(false-positive readings for B. cereus S2-8, B. cereus 3A, and
B. cereus D17.) It failed to meet the lowest performance
metric in the suspicious powder testing, where false-positive
results were noted for 15 of the 22 pure suspicious powders.

Testing Framework and Guidelines
This study provides a framework and guidelines for de-
veloping test plans for field biodetection system evaluation.

Importantly, the development and implementation of this
test plan took into consideration prior work and also the
intended application (field detection of visible suspicious
powders). Our choice of B. anthracis inclusivity and ex-
clusivity strains was guided by the existing AOAC standard
for aerosol filter testing,17 the literature,12,16 and knowl-
edge of the assays and the application. We evaluated in-
strument performance in the range spanned by 2 published
standards: AOAC SMPR 2010.003 (0.95 lower confidence
limit of POD/95% CL) and ASTM E2885-13 (0.85 lower
limit of POD/80% CL), and we developed a test plan that
requires a minimum of 47 samples without failure and 79
samples if there were up to 9 failures for the inclusivity,
exclusivity, and powder samples. To meet the more strin-
gent performance criteria (0.95 LCB/95% CL), only a
single failure would be acceptable in 79 tests. Therefore, at
most 237 replicates are required for the inclusivity, exclu-
sivity, and powder testing. If costs are further limiting,
initial screening could be done with 47 each of the in-
clusivity, exclusivity, and powder samples with the re-
quirement of no failures. This is far fewer than the
maximum number of tests required by existing AOAC
SMPR standards, which have a similar criteria of 0.95
LCB/95% CL but require 96 replicates be tested for each
strain that has an assay failure.18 This could result in testing
nearly 3,000 samples in a worst-case scenario.

Conclusions

This study demonstrates the use of a statistically based
approach for assessing the performance of PCR-based sys-
tems for screening visible quantities of powders for B. an-
thracis. These instruments can be used by first responders
for screening trace amounts of suspicious powders for
public safety actions and short-term tactical decision
making, after the bulk of the sample is collected, trans-
ported, and analyzed by public health laboratories and
other officials for confirmatory analysis. Three of the 5 PCR
instruments (FilmArray�, RAZOR� EX, and T-COR 4�)
achieved the specificity testing criteria of 0.95 LCB/95%
CL with 2,000 GE/mL inclusivity DNA and 20,000 GE/
mL exclusivity DNA. We have published a similar study
that evaluated immunoassays and general biological indi-
cator tests (eg, protein or ATP tests) performance using
B. anthracis spores and suspicious powder. The indicator
tests resulted in numerous false-positives and -negatives
with powder samples, while approximately half of the
B. anthracis immunoassays evaluated could not detect our
test concentration of 107 spores/mL.24

The instruments performed well in additional screening
with commonly encountered suspicious powders and B.
anthracis–spiked powders: the FilmArray� had no false-
negatives or false-positives, the RAZOR� EX had only 1
false-negative and 2 positive control failures, and the T-
COR 4� had no false-positive results but did have
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numerous problems with internal controls (either failures
or low fluorescence), which would require additional time
for retesting in an operational environment. The manu-
facturer of the T-COR 4� has replaced it with the T-COR
8�, which has not been evaluated. We tested all of these
instruments under laboratory conditions; additional testing
is needed to ensure that the instruments perform to the
same levels in the field and in the hands of first responders.

While this study was focused on the performance for
B. anthracis detection, other types of testing could be
adapted to this approach to meet the needs of different
applications. It is important to note that as more equip-
ment and assays become commercially available, it will be
necessary to quickly and cost-effectively compare the per-
formance of these emerging technologies with existing in-
strumentation using an objective testing framework that
measures instrument performance relative to a performance
standard. Our statistically based testing approach enables
efficient instrument performance testing to allow users to
make informed decisions regarding the purchase and use of
biodetection equipment in the field.
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