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The AOAC Use-dilution methods (UDM) 955.15
(Staphylococcus aureus) and 964.02 (Pseudomonas aeruginosa) are laboratory methods used to substantiate antimicrobial efficacy
claims for liquid disinfectants on inanimate surfaces. The UDM is accepted by the U.S. Environmental Protection Agency for the purpose
of product registration.
To attain a hospital-level claim, testing against
S. aureus and P. aeruginosa is required, and the product must pass against both microbes. Currently, the UDM’s performance standard
for a single
60-carrier test is the same for both microbes, and allows up to one positive carrier for the product to be considered as a pass. In this
paper, the performance standards for these methods are reassessed using data from a 2009 five-laboratory collaborative study and a
recently published statistical model. The reassessment focuses on the pass-error rate for ineffective products and the fail-error rate for
highly effective products. The calculations indicate that the pass-error rate is between 9 and 24% and the fail-error rate between 18 and
23% when the current performance standard is used for a single test.
For product registration, a smaller pass-error rate
(1%) historically has been maintained by requiring that a disinfectant pass three UDM tests for each
of the two microbes; however, the calculations
also indicate that the fail-error rate is between 42 and 45%. This large fail-error rate is a compelling reason to consider a new
performance standard
for the two UDM methods, 955.15 (S. aureus) and 964.02 (P. aeruginosa). One alternative performance standard allows no more than
six positive carriers out of 60 as a pass when using P. aeruginosa and no more than three positive carriers out of 60 when using S.
aureus. In addition, the new performance standard requires that three UDM tests be performed with each of the two microbes, and the
disinfectant must pass all six tests to be considered efficacious. The statistical calculations for this alternative performance standard
indicate that the pass-error rate is no more than 3%, while the fail-error rate is as small as 5%. Based on these error rate calculations,
proposed revisions to the performance standards for AOAC Methods 955.15 and 964.02 are provided.

Introduction

The AOAC Use-dilution methods (UDMs) 955.14 for Salmonella enterica (1), 955.15 for Staphylococcus aureus (2), and
964.02 for Pseudomonas aeruginosa (3) are accepted by the U.S. Environmental Protection Agency (EPA) to support
the registration of liquid antimicrobial products that claim to control microorganisms that pose a threat to human
health on inanimate surfaces; these are known as public health products. Specifically, public health disinfectants, such
as those for use in the healthcare environment (i.e., hospital disinfectants), must be effective against S. aureus and P.
aeruginosa. The methods for S. aureus and P. aeruginosa are the focus of this paper.

The UDM requires the use of stainless steel cylinder carriers to simulate an environmental surface. The carriers
are submerged in a test culture and dried. The inoculated carriers are divided into two groups: treated (60 carriers per
test), and untreated (6 control carriers per test). The treated carriers are placed into 10 mL of disinfectant and allowed
to stand for a defined contact time and temperature. Following the contact time, each carrier is removed aseptically,
placed in a tube containing a liquid subculture medium for neutralization and recovery of viable bacteria, then
incubated.

Product efficacy is determined qualitatively by assessing the presence (growth) or absence (no growth) of the test
microbe in the subculture medium for each of the 60 treated carriers. The untreated (control) carriers are used to
quantitatively measure microbial loading, and are expressed as the number of CFUs per carrier. Historically, the UDM has
been considered a qualitative procedure; however, due to recent improvements (4) to the method that require assessing
the bacterial population on inoculated carriers (control carrier counts) and associated minimum and maximum control
carrier counts for a valid test, the current UDM may be considered a semiquantitative method that allows a log reduction
(LR) measure of disinfectant efficacy to be calculated. For decades, the UDM's performance standard (PS) has been



defined by the maximum number of positive carriers out of
60 per test per microbe to achieve an acceptable outcome for
a product. The PS requirement for each UDM test is currently
0-1 positive carriers out of 60 for each microbe. Thus, a
product with two or more positive carriers in any single test is
considered a failure

In practice, the results from one or more UDM tests are
classified as a pass or fail outcome, where a pass means the
product exhibited satisfactory disinfection efficacy and a fail
means it did not. The current testing required by EPA for the
registration of liquid disinfectants specifies the evaluation of
three representative production lots (or batches) of the product
tested once against each of the required microbes.

The statistical evaluation used in this paper focuses on
the pass-error and fail-error rates associated with a PS for a
method (5). The errors occur when application of the PS to
the test results for a disinfectant product lead to the wrong
conclusion. A pass-error occurs when the disinfectant being
tested truly has unacceptably low efficac , but is considered a
pass by the PS. A fail-error occurs when the disinfectant truly
is of acceptable efficac , but is considered a failure. See the
Methodology section below for technical details.

The statistical justification of the current UDM PS was
published in 1961 by Ortenzio and Stuart (6). Their work relied
on a probit analysis (7) of unpublished data from replicate
product applications and a wide range of product use-dilutions.
The statistical analysis that led to the current PS did not account
for variability among laboratories; however, it is now believed
that variability among laboratories is a critical aspect of method
performance evaluations.

Relevant Laboratory Studies

Multilaboratory studies are critical to evaluation of method
performance, and the resulting data may be used to support
revisions designed to reduce variability in the method’s
results. For example, multilaboratory studies conducted by
Cole et al. (8) and Rutala and Cole (9) demonstrated that
UDM results may vary considerably among laboratories;
they identified major aspects of the method that were likely
sources of the variability. Unfortunately, control carrier counts
were not evaluated or required in these early studies. An
initiative designed to resolve the sources of variability led to
the development and validation of AOAC Method 991.47, the
hard surface carrier test (HSCT; 10), which is very similar to
the UDM. It includes use of the same microbes, and specifies
the standardization of test cultures, assessment of control carrier
counts, and minimum and maximum control count levels. In
1992, Rubino et al. (11) published a statistical analysis of a
10-laboratory, six-disinfectant collaborative study of the HSCT,
including a proposed PS. The HSCT is accepted by EPA to

support the registration of liquid disinfectants; however, the
HSCT is rarely used by the regulated community.

More recently, a five-laboratory collaborative study was
conducted in 2009 by the EPA and an industry-based technical
work group to assess a set of proposed modifications to
the UDM (12). This collaborative effort was not designed
specifically to address the reassessment of the UDM PS. In
the study, a single batch of an EPA-registered quaternary
ammonium liquid disinfection product was tested at two
distinct dilutions for each microbe, S. aureus and P. aeruginosa.
EPA’s Standard Operating Procedure (SOP) for conducting the
UDM, SOP MB-05 (13), based on a strict interpretation of the
published UDM, was followed by the participating laboratories.
The collaborative study results indicated that the LRs for the
current UDM for S. aureus varied relatively little within and
among laboratories. Unlike the results for the HSCT (11, 14), the
P. aeruginosa test LRs were more variable among laboratories
than were those for S. aureus. For both P. aeruginosa and
S. aureus, the LR variability exhibited by the current UDM was
no larger than that observed for other accepted disinfectant test
methods (15). Based on the data and the use of the same SOP
across all five laboratories, the current UDM exhibited quite
good repeatability and reproducibility (Table 1).

To improve the decision-making process (e.g., regulatory
decisions) that relies on the outcome of the UDM, the
EPA is interested in utilizing the best available statistical
methodology to analyze the method’s variability. Data from
the 2009 collaborative study were determined to be very
suitable for reassessing the PS, given its level of quality
control, standardization, and replication. In conjunction with
the collaborative data, a statistical model for assessing PS for
quantitative and semiquantitative disinfectant test methods
was recently published in the J. AOAC Int. (16). Thus, the
initiative of this paper is directly supported by data published
on the 2009 collaborative study (12) and a recently published
report that describes the statistical model (16). The repeatability
and reproducibility SDs of the LRs in the 2009 collaborative
study (12) are used to form the basis for reassessing the UDM
PSs (Table 1). Based on the statistical evaluation, proposed
revisions to the PSs for AOAC Methods 955.15 and 964.02 are
provided in this paper.

Methodology

The recently published model (16) provides a statistical
approach for assessing a PS for any disinfectant test method for
which an LR in a microbial population can be calculated. For
the UDM, the combination of the number of positive carriers
observed among a set of treated and inoculated carriers and the
associated control carrier counts make it possible to calculate
an LR for each test (16, 17). The PS assessment is based on a
quantification of the pass-error rate for ineffective products and

Table 1. Summary statistics for the LR for each of the two microbes in the UDM collaborative study (ref. 12)
Among-lab Within-lab
variance variance Intra-lab Reproducibility
Microbe Mean LR Mean TestLD Median N (82|ab) (82165,) correlation (r) SD (Sr)
P. aeruginosa 8.26 6.71 1 0.175 0.111 0.6119 0.5348
S. aureus 8.48 6.64 0 0.000 0.100 0.0000 0.3162




the fail-error rate for highly effective products. Pass-emrors for
the UDM were previously considered by Ortenzio and Stuart (6)
and Rubno et al. (11), while fail-emors were of importance
i the UDM assessment conducted by Arlea et al. (18). The
process for calculating the emor rates for a semiquantitative
method, such as the UDM, is presented and explained in great
detail in the statistical paper (16), and thus, is not repeated here.
The published model provides examples and the computer code
necessary to assess error rates for PSs that require passing only
a single test, passing all of multiple tests, or passing multiple
tests on average. The discussion below presents the relevant
notation from the modeling paper (16).

For the UDM, the density of wiable microbes on the
untreated control carmiers is measured as CFUs per carmier. The
logyg-transformed density is called the log density (LD). The
mean of the LDs across the control carmers in a single test is
called the TastLD:

Neantrad
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where the LD for the i control carrier in the test has been
denoted by LDy ; and the number of control camers is
given by Moo

For a semiquantitative method like the UDM, due to the high
efficacy treatments being tested, CFUs are not enumerated on
the treated carmiers. Rather, the number of positive carmiers,
denoted by N, out of 60 inoculated and treated carmers, is
recorded for each test. Interestingly, the most probable number
(MPN) of viable microbes per treated carrier is a simple fimetion
of N (7, 19-23)

TestlD =
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Unfortumately, Equation 2 is undefined when the mumber of
positive carmers is either N=0or N=60. It 1snecessary, therefore,
to modify Equation 2 so that the viable cell density is calculable
even for these extreme outcomes. By applying a modification
that 15 commonly used for binomial proportions (24, 23), we
calculate the viable cell density for treated carmiers by:

MPN(N) = ~In (&D':; N} (£)]

The LE for the UDM can now be calculated as a fimction of N
and TestLD by:

60 — N
most probable number = —ln( )

LR(N; TestLD) = TestLD - logyp [MPN (N)] G

The LR disinfectant efficacy measure has also been used for
other semiquantitative disinfectant test methods, such as the
HSCT (14) and a sporicidal activity test (26).

When performing the UDM, we assume that the statistical
parameter of interest for a disinfectant product is the tme
mean LE, prg, over multiple tests (arbitrary LE percentiles
are considered in Appendix A of ref 16). The disinfectant
product is considered effective if and only if prp = LB e, and
ineffective if and only if ug = LRgpe The target LR, IRape
=LE @Jm 1) (cf. Equation 4), is a numerical value that
can be set by the user (e.g., a regulatory agency) by choosing
a target number of positive carriers, Ny, and a fized value
for TestLD, 1. For all the calculations presented later, Nupt
is vaned for each PS considered, while T = 6, which is the
minimum allowable TestLD for each UDM test. To calculate the
pass-emror and fail-emror rates for a given UDM P5, one can use

conventional statistical hypothesis testing techniques where the
mull and alternative hypotheses are:

Hy: prr = LR (Niarger; 6); Ha: pig = LR(Nager; 6)  (3)

The mull hypothesis Hy states that the disinfectant product
15 imeffective. The manufacturer of the disinfectant product
anticipates that testing and application of the PS5 will lead to
rejection of Hy in favor of H,, which states that the disinfectant
1s effective.

While a PS may require multiple tests, we consider PSs that
require that the product passes all tests. One possible PS passes
a disinfectant in each individual UDM test if the LE. in each test
15 larger than some minimum wvalue:

LE = LR(Nps: 6) (6)

where Npg 15 a number of positive carriers set by the user. The
traditional way to specify a PS5 for the UDM is to specify the
maximum number of positive carmiers allowed in each test:

NENK; ﬁ}

When the LEs are approximately nommally distributed, it
15 straightforward to calculate the ermor rates for differemt
UDM PS3s by using Equation 6 to evaluate the hypotheses in
Equation 5. We focus instead on the requirement m Equation 7
since it is the traditional way to specify a UDM PS5, Thus, while
all error rates presented in this paper were calculated using LEs
via Equation 6, these results are always presented in terms of
the P5S based on numbers of positive camiers via Equation 7.
The key relationship between the two PSs is that using the
mumbers of positive carmers to implement a PS (Equation 7)
15 more strimgent (i.e., will fail products more often) than the
requirement in Equation § based on LEs, with equivalence if
the TestLD in each UDM test is close to 6 (cf Equation 25 in
ref. 16). Intmtively, this 1s because the former PS ignores the
realized value of the TestLD in each UDM test. Hence, the pass-
error rate for a PS based on numbers of positive camiers, will be
smaller than the pass-ermor rates presented in this paper, and the
fail-error rate for a PS that uses Equation 7 will be larger than
the fail-ermor rates reported (16). The emor rates are the same for
both PSs when the realized TestLD is 6 in each test (16).

When using a PS to test the hypotheses in Equation 5, the
Type I emor probability, a, is the pass-error rate of a PS (27).
In other words, the pass-emor rate is the probability that an
meffective product with prg = LR(Nipy; 6) passes the PS.
The Type II error probability, B, is the fail-emror rate of a highly
effective product, which is a product having py 5 = LE( Ny, 6).
where Npigh is the number of positive carmiers to be attained by
a highly effective treatment specified by the technical authonty.

In order to calculate the emror rates, one must have imformation
about the statistical uncertainty of the LEs. More specificall ,
for each microbe separately, it is necessary to have an estimate
of the among-laboratory variance of the LEs (5°w) and an
estimate of the within-lab variance (S, also known as the
repeatability vanance). An estimate of the reproducibility 5D
(:5g) can then be calculated (17, 28) by:

Sp=[5"n+ Sl ” (8)

The estimates for Sy S and Sg that are used in all



Table 2. Estimated error rate bounds, expressed as percentages, for the current UDM PS?

PASS ALL of this PS required to PASS Max pass-error rate (a <) Min fail-error rate (B 2)
Microbe number of tests each test (Nps = 1) (for Niarget = 2), % (for Nhigh = 0), %
Pa 1 test N<1 34.30 18.19
Sa 1 test N=<1 24.38 6.44
Pa 3testsin 1 lab N=<1 15.50 33.45
Sa 3 testsin 1 lab N=1 1.59 18.01

a

The current UDM PS allows up to Npg = 1 positive carrier out of a set of 60 inoculated and treated carriers for each microbe separately. Three tests in

one laboratory is the current registration PS; one test is the current post-registration PS (ref. 16, Table 2).

subsequent calculations are from the 2009 UDM collaborative
study (12). See Table 1.

As explained in detail elsewhere (Equations 6-12 in
ref. 16), one may calculate the error rates for a PS that
requires only a single test by calculating a univariate ¢
test statistic (7 = (LR — LRyyge)/Sg). For PSs that require
multiple tests, calculations from a multivariate ¢ distribution
are used to calculate the error rates (details are provided in
Equations 13-20 of ref. 16; computer codes for the calculations
are provided in Appendix B of ref. 16).

While Table 1 provides all of the inputs required when
calculating the error rates for a PS that requires tests against a
single microbe, an additional input is required to evaluate a PS
that requires tests of multiple microbes. This additional input
is an estimate of the correlation among tests of the different
microbes when conducted in the same laboratory. Unfortunately,
it is not possible to reliably estimate this correlation from the
2009 UDM collaborative study (12). Thus, the error rates
were calculated for a wide range of hypothetical correlation
values: 0.00, 0.25, 0.5, and 0.95. In some instances, a between-
microbe correlation of 0.5 or greater was not attainable given
the observed variability of the two microbes (Table 1). In these
cases, the error rates were not calculable (reported as NC in the
tables).

In the collaborative study, three control carriers were used
in each UDM test, not six as prescribed by the current UDM
standard (1-3). The use of three control carriers provides
a conservative (i.e., larger) measure of the 7estLD and LR

variability, and thus was used in the final calculations for
estimating the error rates.

Assessment of the Current UDM Performance
Standard

The current UDM PS sets the maximum allowable number
of positive carriers per test to Npg= 1 in order for a disinfectant
to be considered a pass. This requires that the observed LR for
the disinfectant in each test must be larger than LR(Npg = 1;
6) = 7.60 (cf. Equations 4 and 6) in order for the disinfectant
product to be considered efficacious. Four PS testing regimens
are assessed next: a single test PS for a single microbe; a PS
that requires three tests of a single microbe; a PS that requires a
single test of each of two microbe; and a PS that requires three
tests of each of two microbes.

Tables 2 and 3 provide bounds on the error rates for these
four PSs given two key assumptions. First, for the pass-error
calculations, it is assumed that effective products have a true
mean LR greater than LR(Nygee = Nps + 1 = 2; 6) = 7.38. In
the context of Equations 5-7, each of these PSs require that
LR > 7.60 in each test to provide evidence for the claim that
wrr > 7.38. We choose the target LR value to correspond to
Narget = Nps + 1 to ensure there is no “gray area” between the
PS used to make decisions (Npg) and the target (Nyypger), and thus
provides a clear decision-making process regarding product
efficac . Second, the fail-error calculations further depend
on the assumption that high effica y products have true mean
LR(Npigh = 0; 6) = 8.08. The EPA is charged with using a PS

Table 3. Estimated error rate bounds, expressed as percentages, for the current UDM PS?

Correlation between No. of Pa tests at

No. of Sa tests at

PS required to PASS Max pass-error rate  Min fail-error rate

microbes No. of labs each lab each lab each test (Nps = 1) (a<), % B2), %
0 1 1 1 N<1 8.9 233
0.25 1 1 1 N<1 11.9 22.4
0.5 1 1 1 N<1 15.2 211
0.95 1 1 1 N<1 23.9 18.2
0 1 3 3 N<1 0.3 45.1
0.25 1 3 3 N<1 1.0 41.6
0.5 1 3 3 N<1 NC NC
0.95 1 3 3 N<1 NC NC

The current UDM PS allows up to Npg = 1 positive carrier out of a set of 60 inoculated and treated carriers that require a disinfectant to pass all of
multiple tests for both microbes. The hypothetical correlation between the LRs of tests of the different microbes, and the numbers of tests for each

microbe at each laboratory is varied (ref. 16, Table 3). NC = Not calculable.



Table 4. Estimated error rate bounds, expressed as percentages, for hypothetical PSs for P. aeruginosa®

No. of. tests PASS ALL of this PS to PASS each test Max pass-error rate (a <) Min fail-error rate (8 2)
No. of labs at each lab No. of tests (N < Nps) (for Niarget = Nps + 1), % (for Nhigh = 0), %
1 1 1 N<1 34.30 18.19
1 1 1 N<2 39.38 9.23
1 1 1 N=<3 41.94 5.42
1 1 1 N<4 43.49 3.47
1 1 1 N<5 44.52 2.35
1 1 1 N<6 45.26 1.67
1 3 3 N<1 15.50 33.44
1 3 3 N<2 19.20 18.88
1 3 3 N<3 21.23 11.81
1 3 3 N<4 22.49 7.89
1 3 3 N<5 23.36 5.53
1 3 3 N<6 23.97 4.02
2 1 2 N<1 12.02 32.91
2 1 2 N<2 15.64 17.56
2 1 2 N<3 17.68 10.64
2 1 2 N<4 18.98 6.80
2 1 2 N<5 19.87 4.66
2 1 2 N<6 20.53 3.30
2 2 4 N<A1 4.62 47.10
2 2 4 N<2 6.58 27.43
2 2 4 N<3 7.78 17.25
2 2 4 N<4 8.57 11.52
2 2 4 N<5 9.14 8.04
2 2 4 N<6 9.55 5.81
3 1 3 N<1 4.26 44.92
3 1 3 N<2 6.24 25.12
3 1 3 N<3 7.47 15.35
3 1 3 N<4 8.29 10.03
3 1 3 N<5 8.88 6.89
3 1 3 N<6 9.31 4.91

a

A disinfectant must pass all multiple tests as the numbers of laboratories, numbers of tests at each laboratory, and allowable number of positive

carriers (N) out of a 60 carrier set per test is varied. The number of laboratories is critical due to the large laboratory-to-laboratory variance for

P. aeruginosa.

that ensures protection of the public’s health by correctly failing
ineffective products with a high probability (1 — a)). At the same
time, EPA recognizes that the PS should fail highly effective
products with a small probability (B) to avoid removing highly
effective products from the marketplace. For the purpose of this
exercise, the LR for a highly effective product is defined with
respect to Npigy= 0.

Tables 2 and 3 suggest high fail-error rates for the current
UDM PSs. This confirms the high fail-error rate observed in the
2009 UDM collaborative study (12). The results also reveal that
when only a single test per microbe is used to assess product
efficac , one should anticipate a high pass-error rate.

As is the case for scientific hypothesis testing, a PS should
address both pass-errors and fail-errors effectively (27).
Due to natural variability among microbial cultures, product

formulations, microbiological techniques, analyst proficienc ,
etc., it is impossible to eliminate both of these errors; however,
the error rates can be reduced to acceptable levels, for example,
by conducting multiple UDM tests. Setting acceptable bounds
for the pass-error rate and the fail-error rate is not a fixed
aspect in modeling, but rather is set by experts, policy makers,
and/or scientific advisors. The error rates 0.01, 0.05, and 0.10
are commonly used in scientific hypothesis testing. For this
initiative, a level of 0.05, for both error rates, was used as the
baseline for the decision—making exercise.

Determining a New UDM Performance Standard

In order to find a PS that keeps both the pass-error and
fail-error rates as low as possible while requiring a minimum



Table 5. Estimated error rate bounds, expressed as
percentages, for hypothetical PSs for S. aureus?®

Max pass-error Min fail-error

PASS ALL PS required to rate (a <) rate (B 2)
of this No. PASS each test  (for Nigrget = Nps + 1), (for Nygn = 0),
of tests (N < Nps) % %

1 N<1 24.38 6.44

1 N<2 32.15 1.28

1 N<3 36.32 0.34

1 N<4 38.89 0.1

2 N<1 6.15 12.43
2 N<2 10.46 2.54

2 N<3 13.27 0.68

2 N<4 15.18 0.22

3 N<1 1.59 18.01

3 N<2 3.43 3.78

3 N<3 4.87 1.01

3 N<4 5.94 0.33

o

A disinfectant must pass all multiple tests as the numbers of tests and
the allowable number of positive carriers (N) out of a 60 carrier set per
test is varied. The error rates are representative of either single- or
multiple-laboratory scenarios (due to the insignificant laboratory-to
laboratory variance for S. aureus).

amount of testing, a set of possible testing scenarios and PSs
for the UDM were investigated. By considering Equations 5
and 6, sets of error rates were generated by varying the target
number of positive carriers for each test (M), the number
of tests that must be passed at each lab (K), and the number
of labs performing the tests (L). In every case, a highly
effective disinfectant was defined with respect to Nyig, = 0,
and the allowable number of positive carriers in each test was
Npg = Niarget — 1 (as in the previous section). Error rates are
presented for two PS scenarios: the first involves tests with a
single microbe; the second involves tests with both microbes.
In addition, a PS that required averaging LRs across tests was
considered (16); however, calculations showed that the testing
requirements for this PS would be too resource-intensive
to achieve acceptable error rates. Thus, this approach is not
presented in this report.

Scenario 1.—Tests with a single microbe.—For a PS that
requires that all tests for a single microbe passed bounds on
the error rates are provided in Table 4 for P. aeruginosa and
in Table 5 for S. aureus. This information allows a direct
comparison to the UDM and HSCT PS error rates suggested
by other authors (6, 11, 18). The results in Table 4 suggest that
for a PS based only on tests of P. aeruginosa, a multilaboratory
testing scenario is necessary to maintain a pass-error rate of
0.10 or less, and a fail-error rate as small as 0.05. For S. aureus,
the error rates, especially the fail-error rate, are much lower
than for P. aeruginosa, even when all tests are performed in the
same laboratory. This is due to the negligible among-laboratory
variance for S. aureus in the 2009 UDM collaborative study.

Scenario 2.—Tests with two microbes—Table 6 provides
bounds on the error rates for a PS that requires that all tests for
both P. aeruginosa and S. aureus pass. These results may be
used as a tool to develop a practical and informed decision on

the best approach to selecting a practical PS and the associated
testing requirements. The model’s output suggests that in order
to simultaneously maintain a pass-error rate less than 0.05
and a fail-error rate as small as 0.05, three tests (e.g., testing
three production lots or testing a single lot three times) must be
conducted for each microbe, all possibly performed in the same
laboratory. Using this approach, a disinfectant would pass each
P. aeruginosa UDM test if N < 6 [i.e., no more than six positive
carriers out of 60 tested, corresponding to LR > LR(6; 6) = 6.95]
and would pass each S. aureus UDM test if N < 3 [i.e., no more
than three positive carriers out of 60 tested, corresponding to
LR > LR (3; 6) = 7.23], in which case, the pass-error rate, o,
is at most 0.028 and the fail-error rate, B, is as small as 0.049
(see the bolded error rates in Table 6). This pass-error rate is
a slight increase compared to the current PS, for which a is at
most 0.010, while the fail-error rate decrease is much larger
compared to the current PS, for which f is as small as 0.416.

The error rates in Table 6 are based on an estimate of zero
for the among-laboratory variance (i.e., Szlab = 0) for S. aureus.
This negligible among-laboratory variance is due to the large
number of S. aureus tests (10 of the 15 total tests) in the 2009
collaborative study that exhibited zero positive carriers. Among
the dozens of collaborative studies of disinfectant test methods
that we have analyzed, only one other study produced s 1ab = 0.
Typically, Ny lab Was equal to oy tests 1-€., the median intralaboratory
correlation coefficient among these collaborative studies
was 0.5.

Using the computer code provided in ref. 16, one can check
the error rates for other scenarios of concern. For example,
to investigate the influence that a positive among-laboratory
variance for S. aureus would have on the error rates, the model
used to generate Table 6 was reconsidered, but this time with
an among-laboratory S. aureus variance equal to the observed
among-experiment variance, i.e., s lab = s test = 0.100, which
results in a larger value for Sy via Equation 8. The results
are presented in Table 7. Over the range of hypothetical
correlations, the maximum pass-error rate for the proposed PS
increased from 0.028 to 0.104, and the minimum fail-error rate
from 0.049 to 0.092. Thus, in the presence of a moderate level
of among-laboratory variability for S. aureus, the proposed PS
maintains a pass-error rate of at most 0.104 and a fail-error rate
as small as 0.092. In this scenario, to maintain a pass error rate
of approximately 0.10 or less, multiple tests (e.g., three tests)
are required (Table 7). Testing at multiple laboratories further
reduces the pass-error rate.

Discussion

An important feature of the statistical model used in this
assessment is transforming the number of positive carriers to an
LR value. This is possible because the untreated control carriers
are used to quantitatively measure microbial populations in the
UDM (via the TestLD). The advantages of using the LR instead
of analyzing the number of positive carriers some other way,
e.g., other authors have used probit analysis (6) or logistic
regression (18), are:

(a) the resulting value is directly interpretable as the LR of
microbes over the entire 60 carrier set;

(b) the results of the variability of the method can be directly
compared to other studies of disinfectant tests, which are usually
analyzed with respect to the LR;



Table 6. Estimated error rate bounds, expressed as percentages, for hypothetical PSs that require a disinfectant to pass all

of multiple tests for both microbes®

Correlation between No. of Pa tests

No. of Sa tests at

Current PS Proposed PS

Max pass-error ~ Min fail-error Max pass-error Min fail-error rate

Microbes No. of labs at each lab each lab rate (a <), % rate (B 2), % rate (a <), % B2),%
0 1 1 1 8.9 23.3 16.7 2.0
0.25 1 1 1 11.9 224 20.4 2.0
0.5 1 1 1 15.2 21.1 24.5 1.9
0.95 1 1 1 23.9 18.2 34.8 1.7
0 1 2 2 1.5 36.2 4.2 3.6
0.25 1 2 2 3.1 33.9 71 3.5
0.5 1 2 2 5.1 31.2 10.5 34
0.95 1 2 2 NC NC NC NC
0 1 3 3 0.3 451 1.2 5.0
0.25 1 3 3 1.0 41.6 2.8 4.9
0.5 1 3 3 NC NC NC NC
0.95 1 3 3 NC NC NC NC
0 2 1 1 0.9 41.0 2.8 4.0
0.25 2 1 1 1.6 39.5 42 3.9
0.5 2 1 1 25 37.6 6.0 3.8
0.95 2 1 1 6.0 33.0 12.2 3.3
0 2 2 2 0.0 58.8 0.2 71
0.25 2 2 2 0.1 55.9 0.5 6.9
0.5 2 2 2 0.3 52.4 1.1 6.6
0.95 2 2 2 NC NC NC NC
0 3 1 1 0.1 54.4 0.5 5.9
0.25 3 1 1 0.2 52.7 0.9 5.8
0.5 3 1 1 0.4 50.5 1.5 5.7
0.95 3 1 1 1.6 45.1 43 4.9

a

The hypothetical correlation between the LRs of tests of the different microbes, numbers of laboratories, and numbers of tests for each microbe at

each laboratory is varied. For the current PS, the allowable number of positive carriers out of a 60 carrier set per test is Npg = 1 for P. aeruginosa
and Nps = 1 for S. aureus; for the proposed PS, the allowable number of positive carriers is Npg = 6 for P. aeruginosa and Npg = 3 for S. aureus.

NC = Not calculable.

(¢) analyses, such as analysis of variance (ANOVA) and
t-tests, appropriate for samples of approximately normally
distributed LRs, can be directly applied; and

(d) the normality and homogeneity of variance
assumptions are easily checked with well-known diagnostic
tools (17). Experience indicates that the LR values satisfy
the assumptions of normality and homogeneity of variance
across a variety of different test microbes and standard
methods (12, 14, 25, 26, 29-31).

The analyses depend on estimates of the variability of the LRs
from the one and only collaborative study of the UDM in which
control carrier counts were observed. This five-laboratory study
included a single representative disinfectant product with a
high level of efficac . Although conventional guidelines for
collaborative studies recommend the inclusion of multiple
disinfectant formulations (28), a single-disinfectant study can
yield results of practical value. If available resources are limited,

as was the case for the UDM collaborative study, it is advisable
to use a single disinfectant in all tests. Otherwise, to reduce cost,
one would be forced to use fewer laboratories, in which case,
the reproducibility estimates Sg would be less reliable (i.e., s R
would have lower degrees of freedom).

Experience shows that efficacious products having similar LR
values also have similar reproducibility SDs. Highly efficacious
treatments produce small Sy values, completely ineffective
treatments produce small Sy values, and partially efficacious
treatments produce medium or high Sy values (32-35).
Therefore, we believe that the reproducibility SD, Sg, produced
by the high efficacy treatment in the single disinfectant study
of the UDM is representative of the reproducibility for most
other high efficac disinfectants and that the observed Sk can be
used when crafting PSs. Support for this claim is found in the
multilaboratory collaborative study results for the HSCT. The
reproducibility SD, Sy, for the single-disinfectant UDM study



Table 7. Assuming an among-laboratory variance for S. aureus of the same magnitude as the observed within-laboratory
variance, these are the estimated error rate bounds, expressed as percentages, for hypothetical PSs that require a

disinfectant to pass all of multiple tests for both microbes?

Current PS Proposed PS
Correlation
between No. of Pa tests No. of Sa tests Max pass-error Min fail-error rate  Max pass-error rate Min fail-error rate
microbes No. of labs at each lab at each lab rate (a <), % B=2),% (a <), % B2),%
0 1 1 1 11.08 29.44 18.4 4.4
0.25 1 1 1 14.42 27.80 222 4.3
0.5 1 1 1 18.11 25.75 26.4 4.0
0.95 1 1 1 28.31 19.53 37.5 3.0
0 1 2 2 3.76 43.56 7.6 7.8
0.25 1 2 2 6.17 40.51 11.0 75
0.5 1 2 2 9.22 36.87 15.0 6.9
0.95 1 2 2 NC NC NC NC
0 1 3 3 1.83 52.30 4.1 10.6
0.25 1 3 3 3.57 48.36 6.9 10.1
0.5 1 3 3 6.01 43.72 10.4 9.2
0.95 1 3 3 NC NC NC NC
0 2 1 1 1.32 49.92 3.4 8.5
0.25 2 1 1 2.19 47.62 5.0 8.3
0.5 2 1 1 3.42 44.66 7.0 7.9
0.95 2 1 1 8.21 35.12 141 5.9
0 2 2 2 0.16 67.72 0.6 14.9
0.25 2 2 2 0.42 64.25 1.2 14.4
0.5 2 2 2 0.91 59.84 23 13.4
0.95 2 2 2 NC NC NC NC
0 3 1 1 0.17 64.27 0.6 12.5
0.25 3 1 1 0.35 61.84 1.1 12.2
0.5 3 1 1 0.67 58.61 1.9 11.6
0.95 3 1 1 243 47.60 5.3 8.7

a

The hypothetical correlation between the LRs of tests of the different microbes, the numbers of laboratories, and the numbers of tests for each

microbe at each laboratory is varied. For the current PS, the allowable number of positive carriers out of a 60 carrier set per test is Npg = 1 for P. aerugi-
nosa and Npg = 1 for S. aureus; for the proposed PS, the allowable number of positive carriers is Npg = 6 for P. aeruginosa and Npg = 3 for S. aureus.

are consistent with the Sy values for two earlier multidisinfectant
HSCT collaborative studies for P. aeruginosa (14, 36).

For all the different high-efficacy disinfectant formulations
tested in the UDM and HSCT collaborative studies, the range of
Sk values was 0.09 to 0.66 and the median Sk was slightly less
than 0.50. Thus, if an additional single-disinfectant collaborative
study of the UDM was conducted with P. aeruginosa with
a different high efficacy disinfectant, one would expect
the resulting Sy to be about 0.50. Note that the statistical
calculations for the UDM PSs proposed in this paper are based
on Sg = 0.53 for P. aeruginosa from the UDM collaborative
study. The pass-error and fail-error rates will be smaller for
more effective disinfectants (since they are presumed to have
smaller variability) and larger for less-effective disinfectants
(that exhibit larger variability). The results for low efficacious

products have a greater likelihood of displaying variable results
among different laboratories due to the variability associated
with the treated carriers (i.e., varying levels of surviving
bacteria).

Compared to S. aureus, the P. aeruginosa data in the 2009
collaborative study exhibited higher Sy values (Table 1). This
may be due to the complexity of the P. aeruginosa test culture,
which contains pellicle; the removal of the pellicle from the
test culture is difficult to fully standardize. Small fragments of
pellicle may lead to clumping of inoculum on inoculated carriers,
which may result in more variable test results. However, this
observation is based on a single collaborative study, and may
not be evident for other methods or associated multilaboratory
studies.

Due to the increased variability, the error rates for a PS based



solely on P. aeruginosa tests (Table 4) are larger than the same
PS based solely on tests using S. aureus (Table 5). Thus, the
number of positive carriers allowed for a passing outcome for
each P. aeruginosa is predictably higher.

The approach in this paper may appear somewhat complex,
since we present a framework for evaluating UDM PSs based
on LRs (via Equation 6), and then use this framework to
evaluate PSs based solely on numbers of positive carriers (via
Equation 7) that have traditionally been used to evaluate product
efficacy via the UDM. The critical difference in these two PSs
is that the former explicitly accounts for the value of the TestLD
for each test (i.e., the log-transform of the geometric mean of
the control counts), while the latter does not. Consequently, a
UDM PS based on numbers of positive carriers has a range of
error rates depending on the realized value of the TestLD in each
test. It was shown in ref. 16 that the error rates for the PS (6)
based on LRs provide bounds on the error rates for the PS based
on numbers of positive carriers, with equality if the realized
TestLD in each test is 6. Thus, this paper reports estimates of the
maximum possible pass-error rates and the minimum possible
fail-error rates for PSs that specify only the allowable number
of positive carriers per test.

An assessment of PSs for UDM tests that use a number of
inoculated carriers different than 60 could also be performed.
It is expected that increasing the number of carriers will have a
negligible effect on the variability of UDM test outcomes since
the among-laboratory variability of P. aeruginosa dominates
(Table 1), and changing the number of inoculated carriers would
only affect the within-laboratory variance component. Thus, all
the results in this paper pertain to 60 carrier UDM tests.

Conclusions

Although liquid disinfectants have become more diverse over
the years, and the UDM has been the subject of many studies
and many revisions, the PS has not been reassessed and remains
unchanged. The current investigation of the UDM PS utilizes
the best available data and scientific practices, and is one of
many aspects of the method that has been presented to AOAC
for revision.

The multilaboratory UDM collaborative data set (12)
provides a unique opportunity for reassessing the current UDM
PS. Our investigation shows that the pass-error rate for a single
UDM test, for either P. aeruginosa or S. aureus, is much higher
than originally suggested by previous studies of the UDM (6)
and the HSCT (11). The alternative PSs considered here reduce
the error rates while maintaining a practical level of testing, and
will provide reliable data for regulatory decisions. Based on the
data analysis, the approach outlined in Scenario 2 of this paper
provides an adequate and improved approach for the future use
of the UDM as a regulatory procedure.

In conjunction with the number of required tests (three per
microbe), use of N < 6 for P. aeruginosa and N < 3 for S. aureus
as the passing requirement for each test should improve the
overall confidence in the outcome of the testing scheme. Any
of the six tests that fail to meet the PS would fail the product.
When error rates for this proposed PS are calculated using the
reproducibility SDs observed in the collaborative study, a low
pass-error rate (of at most 0.028) is predicted for marginally
ineffective products, and the fail-error rate for highly effective
products is predicted to be lowered to approximately 0.05

(Table 6). While this suggested change may seem like a dramatic
increase from the current PS that allows a single positive carrier
per test, note that this current PS corresponds to the requirement
that LR > 7.60 in each test, so that the allowable LR per test is
being decreased by 0.37 for S. aureus (to LR >7.23) and by 0.65
for P. aeruginosa (to LR > 6.95).

Recommendations

Based on the information provided in this report, the EPA
is seeking AOAC’s technical review of the proposed revisions.
If approved by AOAC, the EPA will consider adoption of the
revised performance standards for its antimicrobial regulatory
program. AOAC is encouraged to publish the revised methods in
the Official Methods of Analysis for distribution and reference.
The following proposed revisions to AOAC Methods 955.15
and 964.02 are recommended:

The following revisions are proposed following section C(f)
of each method:

(g) Performance standard —For method 955.15 (S. aureus),
Section C(h): Performance standard: <3 positive (growth)
carriers out of 60 tested. Conduct three separate UDM tests, one
per day. All tests must meet the performance standard. Testing at
a single laboratory is acceptable.

(g) Performance standard—For method 964.02
(P, aeruginosa), Section C(h): Performance standard: <6 positive
(growth) carriers out of 60 tested. Conduct three separate UDM
tests, one per day. All tests must meet the performance standard.
Testing at a single laboratory is acceptable.

Note: Using the proposed Performance Standards, a
hospital-level disinfectant (as defined by EPA) product must
pass both S. aureus and P. aeruginosa tests to be considered
effective (a total of six tests).

In addition to the proposed new PSs, meeting the
minimum and maximum carrier count requirements (ZestLD
between 6 and 7). The use of the most current and revised
version of the UDM further strengthens the reliability of the
UDM and confidence in the resulting test data. Furthermore,
if the new PSs are approved as First Action revisions, it would
be possible to reassess them again following the generation of
additional data. To monitor the impact of the proposed revisions,
EPA would pursue additional analysis of data from the field if
the new PSs are accepted and implemented.
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