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Considerations for estimating microbial environmental data
concentrations collected from a field setting
Erin E. Silvestri1, Cynthia Yund1, Sarah Taft1, Charlena Yoder Bowling1, Daniel Chappie2, Kevin Garrahan2, Eletha Brady-Roberts1,
Harry Stone2 and Tonya L. Nichols3

In the event of an indoor release of an environmentally persistent microbial pathogen such as Bacillus anthracis, the potential for
human exposure will be considered when remedial decisions are made. Microbial site characterization and clearance sampling data
collected in the field might be used to estimate exposure. However, there are many challenges associated with estimating
environmental concentrations of B. anthracis or other spore-forming organisms after such an event before being able to estimate
exposure. These challenges include: (1) collecting environmental field samples that are adequate for the intended purpose,
(2) conducting laboratory analyses and selecting the reporting format needed for the laboratory data, and (3) analyzing and
interpreting the data using appropriate statistical techniques. This paper summarizes some key challenges faced in collecting,
analyzing, and interpreting microbial field data from a contaminated site. Although the paper was written with considerations for
B. anthracis contamination, it may also be applicable to other bacterial agents. It explores the implications and limitations of using
field data for determining environmental concentrations both before and after decontamination. Several findings were of interest.
First, to date, the only validated surface/sampling device combinations are swabs and sponge-sticks on stainless steel surfaces, thus
limiting availability of quantitative analytical results which could be used for statistical analysis. Second, agreement needs to be
reached with the analytical laboratory on the definition of the countable range and on reporting of data below the limit of
quantitation. Finally, the distribution of the microbial field data and statistical methods needed for a particular data set could vary
depending on these data that were collected, and guidance is needed on appropriate statistical software for handling microbial
data. Further, research is needed to develop better methods to estimate human exposure from pathogens using environmental
data collected from a field setting.
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INTRODUCTION
Bacillus anthracis, a Gram-positive bacteria and the causative
agent for anthrax, occurs naturally in many soil environments.1

B. anthracis in spore form can persist for many years in several
environmental matrices including water and soil2–7 and can resist
heat treatment8 as well as degradation via sunlight.9 Following an
intentional wide-area release of B. anthracis or another pathogen,
the U.S. Environmental Protection Agency (EPA) would have a role
in remediation of contaminated indoor and outdoor areas. The
overall objective in such a response would be to protect human
health and the environment, and to implement necessary
remediation. Site remediation efforts might include both site-
characterization sampling to determine the extent of contamina-
tion, and clearance sampling to determine efficacy of the cleanup
effort.10–12 Following the 2001 attacks, the National Response
Team conducted an assessment of the lessons learned from
response at the contaminated sites.13 At the time of the report,
findings included limited knowledge of environmental fate and
transport of B. anthracis and the need for assessment of

technologies that provide more timely detection of spores and
at lower levels than currently available.13 Currently, the EPA and
Centers for Disease Control and Prevention (CDC) have recom-
mended that clearance goals be set to “no detection of viable
spores”.14,15 However, for anthrax cleanup efforts, the remediation
goal continues to be limited by the detection limits of the
technologies used to analyze the field samples.16

Decisions regarding remediation of a contaminated site are
often risk-driven, but setting specific risk-based cleanup goals for
microbial contamination events using data collected from the field
have been stymied by unresolved issues. First, there is a lack of
consensus on how to address uncertainties and variability in the
field data collected at a contaminated site to estimate the
environmental concentration. Second, the uncertainties and
variability in the environmental concentration data complicate
the use of these data for exposure estimation. Currently, many of
the available exposure assessment methods are focused on
chemical exposures or are not specific to indoor microbial
releases;11,12,17–22 it is unknown if these available methodologies
are applicable to microbial contamination incidents.
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Table 1. Factors affecting spore recovery and their potential effects.

Factors affecting spore recovery/
variability factor

Potential effect on recovery efficiency from literature review Related literature

DQO Information on types of microbial data needed to answer
the study goal, interpreting the microbial data received
from the laboratory, and defining the appropriate
statistical distributions that can be used with this type of
data are needed to help improve the DQO process.

EPA,24

Representative samples
Material sampled Non-porous surfaces generally yield higher spore

recovery efficiencies than porous surfaces. Relationships
between measures of surface roughness and spore
recoveries appear promising, while other surface
characteristics may also influence spore recovery such as
surface charge and hydrophobicity.

Brown et al.;43 Busher et al.;35 Buttner et al.;31 Buttner
et al.;40 Da Silva et al.;36 Edmonds;34 Edmonds et al.;38

Estill et al.;32 Frawley et al.;30 Hodges et al.;41

Hong-Gellar et al.;42 Krauter et al.;39 Herzog et al.;63

National Response Team;27 Probst et al.;37 Valentine;33

Sample area Devices covering larger areas (wipes and vacuums) likely
recover more spores than devices with smaller sampling
areas (swabs). Based on spores recovered per area
sampled, larger sampling devices will likely have lower
detection limits, even the though the smaller sampling
devices may recover a higher percentage of the spores
available.

Brown et al.;46 Buttner et al.;40 Buttner et al.;44 Edmonds
et al.;38 Rose et al.45

Sampling device For surface sampling, wipes and vacuums are likely to
perform better (more positive detections and higher
recovery efficiencies) than swabs (especially dry swabs).
These trends may differ for spore recoveries on a per-
area basis for devices with differing sample areas.
However, only swabs and sponge-sticks have been
validated (on stainless steel surfaces) for recovering B.
anthracis spores. For air sampling, personal breathing
zone samplers for air sampling might be more
representative of the concentration of spores at the
breathing zone. Aggressive air sampling and sampling of
HVAC filters has been recommended as methods to help
determine indoor extent of contamination.

Calfee et al.;28 EPA;17 EPA;26 Einfield et al.;50 Estill et al.;32

Hodges et al.;41 Hong et al.;25 Rose et al.;45 Sanderson
et al.;47 Teshale et al.;48 Valentine,;33 Valiante et al.;49

Van Cuyk et al.29

Sampling device material/
characteristics

Most research has focused on swabs with some
conflicting findings. Macrofoam swabs are
recommended by the CDC and their use has been
supported in the literature. The CDC also recommends
using cellulose sponge and non-cotton polyester or
rayon/polyester blend gauze for sampling smooth,
nonporous surfaces for B. anthracis spores.

Budowle et al.;55 Da Silva et al.;51 Da Silva et al.;36

Edmonds et al.;38 Krauter et al.;39 Probst et al.;37 Probst
et al.;52 Rose et al.;53 Thomas et al.;54 Valentine;33

Dry vs wet; wetting agent Wet sampling devices (swabs and wipes) perform better
than dry materials. The CDC recommends using
neutralizing buffer as the wetting agent, although many
researchers have seen benefits with the incorporation of
surfactants such as Tween into the wetting agent.

Frawley et al.;30 Rose et al.;53 Sanderson et al.;47 Teshale
et al.;48 Valiante et al.49

Spore characteristics, environmental characteristics, and human activities
Bacillus species/strain Spore characteristics associated with different species/

strains can affect spore recovery efficiency. Limited
studies have shown higher recoveries with B. atrophaeus
than B. anthracis Sterne and higher recoveries with B.
anthracis Sterne than B. anthracis Ames. Caution should
be used in extrapolating spore recovery efficiency from
one organism to another.

Baron et al.;60 Carrera et al.;56 Chen et al.;58 Da Silva
et al.;51 Estill et al.;32 Greenberg et al.;57 Hong-Gellar
et al.;42 Probst et al.;37 Probst et al.;52 Thomas et al.;54

Williams et al.59

Spore inoculation method Spore application methods affect spore recoveries;
spores applied via liquid inoculation are more prone to
spore clumping. Low concentrations of spores
inoculated via dry aerosols can re-disperse.

Edmonds et al.;38 Gao;71 Hodges et al.;64 Lee et al.;72

Probst et al.;52 Rose et al.53

Spore loading Although not always reported, spore recovery efficiency
often increases with higher spore loadings and
variability in spore recovery increases at lower spore
loadings.

Brown et al.;43 Brown et al.;65 Edmonds et al.;38 Estill
et al.;32 Hodges et al.;64 Hodges et al.;41 Krauter et al.;39

Probst et al.;52 Rose et al.;45 Thomas, et al.54

Non-uniform deposition Spores tend to deposit/accumulate preferentially in
certain areas resulting in a patchy spatial distribution
that will be reflected in the sampling results. Smaller
particles might settle slower than larger particles.

Amidan et al.;66 Baron et al.;60 Brown et al.;43 Hong
et al.;67 Hong et al.;25 Sextro et al.68

Surface orientation Fewer spores are expected to be recovered from vertical
and horizontal (face-down) surfaces, which will
contribute to the overall (within room) sample variability.

Johnson et al.;69 Lewandowski et al.70
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There are numerous factors that can affect the uncertainty
(absent or incomplete information) and variability (range of
observed differences in a parameter that are a result of
chance)18 of the field data collected following a contamination
event, and assessing the usability of data for evaluating
environmental concentrations can be difficult. For example, the
source, type, and magnitude and distribution of contamination
may be unknown, and the reliability of the field data may be
affected by an inability to control for these factors. This
uncertainty and variability creates challenges when using these
field data to evaluate environmental concentrations. Specific
challenges could include:

1. Collecting field samples that are appropriate for the
intended use.

2. Conducting laboratory analysis and selecting a reporting
format needed for the laboratory data.

3. Analyzing and interpreting the data set using appropriate
statistical techniques.

Using the field data for assessing exposure introduces additional
challenges. The lack of guidelines on microbial field data usability
make it difficult to use these data to assess exposure. Lacking
guidelines for accurately using microbial field data to estimate
exposure, chemical guidelines might become potential alterna-
tives. However, considerations for microbial risk assessment differ
from chemical assessments in several ways. Pathogens are
genetically diverse and often different strains of the same species
have varied virulence for human hosts.18 In addition, pathogens
have the ability to grow and die-off, whereas while chemicals
might degrade or be transformed, they do not multiply.18,23

Considerations of host immunity and susceptibility such as genetic
and acquired differences might not be handled the same way for
chemical assessments compared with microbial assessments,
which use a more dynamic model.18 Routes of exposure, health
endpoints, and the length of time for a health outcome to appear
will differ between chemical and microbial exposures.18 Following
infection with a microbial agent, transmission might occur

between individuals; however, chemicals that have entered the
tissue of an individual are typically not transmitted to other
individuals (although some exceptions exist).18 Pathogens can also
be endemic in the environment, present themselves on a seasonal
basis, and might respond differently to environmental treatment
options than chemicals.18,23 Because pathogens might also interact
with other species or debris in the environment, detection of
pathogens in environmental matrices is complicated. The analytical
methods used need to be capable of determining viability and be
sensitive enough to detect the pathogen of concern.18

Until these challenges surrounding the uncertainty and varia-
bility of the field data can be addressed, estimation of environ-
mental concentrations for the purposes of exposure assessment is
limited. This paper summarizes challenges faced in collecting and
interpreting microbial field data from a contaminated site and
explores the implications of related data limitations when using
field data for estimating potential environmental concentrations.
Although the paper was written with considerations for B. anthracis
contamination, it may also be applicable to other bacterial agents,
especially spore formers. Further guidance is needed to inform
decision makers how data collected in the field can be used to
estimate exposure following a biological release.

CHALLENGES INTERPRETING FIELD DATA
To address the three overarching challenges that were identified
above, a discussion of each is presented below. These challenges
are broken out by field sample collection (Table 1), laboratory
analysis and reporting, and data analysis and interpretation, which
might occur during a contamination event (Figure 1).

Field Sample Collection Challenges
Determining data quality objectives. Before sample collection,
determination of performance or acceptance criteria is needed to
design a collection plan that will provide the quantity and quality
of data needed to support remediation efforts. EPA’s Data Quality
Objective (DQO) Process24 is an iterative seven-step planning

Table 1. Continued.

Factors affecting spore recovery/
variability factor

Potential effect on recovery efficiency from literature review Related literature

Although no testing was reported in the literature,
enclosed surfaces, for example, inside of drawers, may
also have different spore concentrations than those in
more open locations.

Environmental conditions The influence of temperature and relative humidity was
infrequently investigated, although relative humidity
apparently affected the recovery of B. atrophaeus spores
from stainless steel. Low relative humidity conditions
may keep spores from firmly attaching to certain
surfaces.

Beecher;73 Busher et al.;35 Einfield et al.;50 Krauter
et al.;39

Re-dispersion and transport Spores may be re-aerosolized via indoor air currents or
during sampling activities, possibly affecting spore
recovery efficiencies and variability.

Busher et al.;35 Edmonds;34 Estill et al.;32 GAO;71

Sanderson et al.;47 Sextro et al.;68 Sippola et al.;75

Van Cuyk et al.;29 Weis et al.76

Sample collection techniques Variations in sampling technique may contribute to
spore recovery variability. Limited laboratory studies
indicate a relatively low (o10%) impact on spore
recovery. However, the impacts of sampling technique
may be heightened under more difficult field conditions.

Beecher;73 Brown et al.;43 Da Silva et al.;36 Edmonds;34

GAO;71 Hodges et al.;64 Piepel et al.;78 Probst et al.37

Sample transport and storage Not expected to be a significant source of variability if
transport and storage occur at ~ 5 °C with sample
processing within 1 or 2 days of collection.

CDC;79 Hubbard et al.80

Abbreviations: CDC, Centers for Disease Control and Prevention; DQO, Data Quality Objective; EPA, U.S. Environmental Protection Agency; HVAC, heating,
ventilation, and air conditioning.
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approach used to prepare for data collection activities in
environmental monitoring efforts and research. It provides the
criteria for the sampling design, where to collect samples, tolerable
decision error rates, and the number of samples to collect. In a real-
world response, this process could be used to develop a sampling
plan that supports the quantity and quality of data needed for
estimation of exposure; however, the document does not provide
guidance specific for use of the process for collection of microbial
data, such as helping to define the types of microbial data needed
to answer the study goal, interpreting the microbial data received
from the laboratory, and defining the appropriate statistical
distributions that can be used with this type of data.

Representative samples. One key question that might be
identified when trying to estimate environmental concentrations
is whether these data are representative for the intended purpose
and exposure pathways of interest. However, not all data collected
for site characterization and clearance sampling will be represen-
tative of environmental concentration(s) at the contact
point(s) and may not be appropriate for evaluating the environ-
mental concentrations to which people are exposed. For example,
following a release, the concentration of spores in the air will
decline over time, making it difficult to characterize the room
using aerosol concentrations alone.25 Use of a stationary air
sampler might not account for exposure at an individual’s
breathing zone and only offers a snapshot in time. Personal
monitors would be needed to measure point-of-contact
concentrations.17 Use of a personal breathing zone sampler
during sample collection could be more representative of the level
of re-aerosolized spores present at that specific breathing zone
during remediation efforts. There might also need to be
consideration given to the characteristics of the organism being
sampled (i.e., viability and spore formation) when sampling
methods are selected. However, there is no standard air sampling
method to be used in the remediation process and selection of air
sampling equipment will be site-specific. Use of aggressive air
sampling has been suggested as a potential technique following
decontamination to reduce the sampling burden,26,27 however
this technique would not allow estimation of personal exposure.
Sampling of heating, ventilation, and air conditioning (HVAC)
filters has also been recommended as a method to help determine
indoor extent of contamination.25,27–29

Another key question that could be asked when using field
samples is whether these data collected for one purpose can be
used for another purpose. For example, in some cases, samples are
collected for an initial site characterization or to determine
whether a site is cleared for re-entry. These methods often include
surface sampling methods, which are associated with swabs,
wipes (including sponges), and high-efficiency particulate air
vacuum-filter socks (vacuuming). The device type selected for

sampling is often based on the area and surface to be sampled.
These methods do not address point-of-contact exposures
(concentration at interface of the environment and the
exposed person) as are needed for estimation of exposure.17

The type of surface to be sampled,27,30–43 the size of the
sampling area,38,40,44–46 the type of sampling device selected for
sampling,32,33,47–50 the material characteristics of the sampling
device,33,36–39,51–55 and the use of wet vs dry sampling
devices30,47–49 53 could affect the potential recovery of the spores
from the sample, and therefore the potential estimate of the
environmental concentration. In addition, only swabs and sponge-
sticks on stainless steel surfaces have been validated by CDC as
sampling methods for recovering B. anthracis spores.41–45 Because
no device/material/surface combination is capable of achieving
100% recovery, spore loss due to the sampling process might
need to be accounted for to prevent bias in the results.

Spore characteristics, environmental characteristics, and human
activities. In an incident involving contamination by B. anthracis
or other spore-forming organisms, the characteristics of the
spores, the method of dissemination, the spore deposition
pattern, and the spore load on the surface might not be initially
known. However, documenting information on these factors
might provide insight on the expected spore recovery from the
samples.27 For example, spore adhesion to surfaces and recovery
efficiency tend to vary for different Bacillus spp.32,37,42,51,52,54,56–60

In addition, viability of spores might vary in different matrices and
can be impacted by environmental stressors.61 Knowledge of the
distribution of the size of the particles that have been released
help reduce uncertainty in the sample estimate of estimate of
risk.62 Further, data collected in a real-world event could differ
from data collected in field research.
Many factors play a role in the efficiency of recovery of spores

from surfaces (which have been reported to range from 10 to
50%) and which could include the sampling protocol used, surface
type, and type of sample processing used.63 The influence of
spore loading on recovery efficiency has been reported to be
variable.32,38,39,41,43,45,52,54,64,65 Variability in recovery efficiency has
been attributed to non-uniform surface deposition of spores,43

which might occur if settling is not the primary deposition
mechanism.60 Spores tend to deposit/accumulate preferentially in
certain areas resulting in a patchy spatial distribution.66 In
addition, deposition rates will vary with particulate size (single
spore estimated to be 1 μM in size compared with 410 μM when
clumping of spores occur), with smaller particles settling slower
than larger particles.25,67,68 Fewer spores are expected to be
recovered from vertical and horizontal face-down surfaces
compared with horizontal face-up surfaces, contributing to the
overall (within room) sample variability.69,70 Enclosed samples
(such as inside drawers) could be contaminated at different levels

Figure 1. Flowchart of considerations for interpreting environmental field data.
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than more open locations. In addition, spores applied to surfaces
via liquid inoculation do not behave the same way as spores
applied as dry material; liquid inoculated spores are more prone to
clumping and spore agglomeration.38,52,53,64,71,72 Recovery
efficiency of the sample might also need to consider the number
of spores in a clump, which has been estimated by Hong et al.,67

to be 1, 3–14, 6–65, and 13–524 number of spores for 1, 3, 5, and
10 μm clumps, respectively. Adherence or non-adherence of the
spores to a surface might also be influenced by temperature and
relative humidity.35,39,50,73 Comparison of recovery efficiencies
from different studies might be difficult, especially when different
methods are used to calculate recovery efficiency.33,60

Finally, human movement, repeated disturbances, indoor air
currents, transport through ventilation systems, movement of
indoor equipment, and transfer of contamination to other areas
via tracking on footwear impact the spore deposition patterns and
reaerosolization potential.29,32,35,68,71,74–77 Reaerosolization of
spores from outside the target sampling area might affect
sampling results.34,47 For example, on a tracked floor, loss occurs
due to resuspension for the spores, so the concentration on the
floor cannot be directly related back to the air concentration.67

There is no guidance on how to quantify these factors mentioned
throughout this section which affect the spore recovery efficiency,
however, the potential for these factors to influence the sampling
results does exist and might be a point for consideration when
formulating recommendations or in making decisions.

Sample collection techniques. Variability in sample-collection
techniques among different sampling personnel could also affect
sample results for both surface samples and samples taken via
personal breathing zone monitors. One study suggested that
differences arising from sample collection might contribute more
to variability than sample processing.78 Although training can
improve the consistency among sampling personnel, the variation
associated with each individual’s technique (i.e., angle, pressure,
and changes in sampling direction) must be characterized to
quantify the accuracy of the sampling procedure.36,43,71 Sampling
personnel performance could be hindered by adverse conditions
such as excessive heat, high-stress environments, time restrictions,
and the use of protective clothing.34 Sampling results could also
be affected by areas that are difficult to sample, that are hard to
access or that have irregular or uneven surfaces, and by the cross-
contamination of spores on surfaces due to reaerosolization of the
spores.34,73 Note that if the sampling method is robust enough,
the difference in sampler experience might produce only marginal
differences in recovery37 and variability in spore recovery might
be attributed more to the surface being sampled or the device
being used than to sampler variability.34,64

Sample transport. Storage temperature and the type of liquid
transport media used may play a role in recovery of spores, and
might need to be noted when documenting sample results. CDC
recommends that surface samples be shipped on ice packs, stored
between 2 and 8 °C, and processed within 48 h of collection.79 The
spore form of B. anthracis does not require liquid transport media;
however, if preservation of the vegetative form is desired, a
transport media might be needed.80 Hubbard et al.80 conducted
viability testing of B. anthracis Sterne spiked onto swabs stored at
− 70, 4, 25, and 45 °C using commercial off the shelf storage media
(phosphate-buffered saline with 0.1% Triton X-100 (PBST), liquid
Amies, Stuart transport media, and dry samples) held for up to
60 days. Nutrient poor media, such as Amies or Stuart media,
combined with higher temperatures, promoted sporulation of
vegetative cells.80 The study found that recovery was highest
when liquid Amies, PBST, and liquid Stuart media were used and
samples were stored at 25 °C.80

Laboratory Analysis and Reporting Challenges
Analysis method recoveries and challenges. The literature revealed
several reviews which discuss available detection methods for
B. anthracis in environmental samples and challenges to using
those methods.81–84 Although the focus of this review is not to
discuss all the challenges associated with the different available
analytical techniques, common themes included: sample proces-
sing as a limiting step to detection;10,84 being able to distinguish B.
anthracis from other closely related strains that may be present in
environmental samples, such as B. cereus;81–83 needing to use a
selective agar such as polymixin-lysozyme EDTA-thallous acetate
agar to selectively grow B. anthracis and the slow growing times
associated with use of conventional analysis methods;84–86

consideration of organism viability;10 and the need to detect
low concentration of the organisms from the samples.81,83

When using conventional analysis methods, the final colony-
forming units (CFU) counts needs to include consideration of the
recovery efficiencies of the analysis method used. However,
recovery efficiency of the analytical methods commonly used
needs to be further investigated.27 Many factors might affect the
recovery efficiency of spores from a sample related to the
methods used to extract and analyze the sample.31 Spores can
remain on the sampling device,36,37,64 on the centrifuge tube,34,36

or on the coupons (i.e., extracted sample material) themselves.36

Other common reasons for differences in spore recovery during
extraction and analysis include type and volume of extraction
solution used,38,40,51 addition of surfactants to wetting agents to
improve recovery,33,36,41,45 presence of residual decontamination
agent in the sample,35 choice of dissociation method used
(vortexing, sonication, and stomaching),31,51,53,70,87 use of heat
shocking to kill background organisms,43,45 sensitivity of the
culture methods,88 and clumping of spores on culture plates.88

Several types of interferences such as the presence of dust,
vegetative bacteria, fungal spores, metals, fibers and other
materials can affect spore removal from surfaces, extraction of
spores from the sampling device, or successful culturing such that
detection/identification of the bacteria is affected.31,35,41,43,50,89 If
recovery efficiencies are not available for the analysis methods
used, then research is needed to fill this gap.
Ideally, only one laboratory would be used to analyze all

samples in any given contamination incident. However, given the
large numbers of samples that could be collected following a
contamination incident, using as few different laboratories as
possible using the standardized analysis method could help keep
results consistent. Use of multiple laboratories might contribute to
the overall variability in results, although the within-laboratory
variability (between samples) could be greater than the between-
laboratory variability.32,41,45,78

Analysis method data reporting. Guidance on how laboratories
should report out analytical results is inadequate, but is needed to
ensure data are used appropriately and consistently. Determining
the format of required analysis data (e.g., quantitative vs semi-
quantitative vs qualitative, CFU vs cycle threshold) will influence
the type of analysis that is done. When culture analysis is to be
used, a better understanding of whether the analysis data can be
used quantitatively or qualitatively needs to be established.27 Data
from surface/sampling device combinations that have not been
validated will limit the quantitative statistical analysis that can be
done using the data, as these data might be considered
qualitative or semi-quantitative at best. A non-detected culture
result does not necessarily mean that the actual sample value is
zero, but rather that the viable organism is present below the limit
of detection (LOD) of the assay used. Two types of culture
methods, spread plating and filter plating, have a LOD of 1
CFU/plate.90 The limit of quantitation (LOQ) or countable range is
considered to be between 30 and 300 CFU or 25–250 CFU for
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spread plates and 20–200 CFU for filter plates,90–93 although
individual methods have identified slightly different ranges for
spread plates94–96 and filter plates.92,96,97

Higher variability is expected below the lower end of the LOQ
and in part could be due to growth conditions on the plate,
influence of competing organisms, dispersion of the cells in the
sample, clumping of bacterial cells, interpretation of the results by
the analyst, and that one colony does not necessarily mean there
is just one cell or spore present.90,98–100 At the higher end of the
range, colony overlap might prevent accurate counting and
therefore could underestimate the count. Those above the range
are often labeled as too numerous to count or reported out as
4upper limit.90,97 Another source of uncertainty might include
absent or incomplete information; however, methods to handle
this type of uncertainty are often not included in the literature or
methods concerning microbial data.101

Laboratories analyzing samples sometimes vary on which data
are considered and reported, making final interpretation of
the data difficult. In addition, reporting of results falling below
the LOQ or LOD could vary. In some cases, only plates within the
countable range are used to estimate the CFU in the undiluted
sample.102 Other analysis methods require data be reported as
less than the countable range multiplied by the inverse of the
dilution factor93 or to report the data as below the LOQ91 or LOD.
Other recommendations have been to: report non-detects as
ovalues/volume filtered for membrane filters;97 to count the
actual CFU/ml or 100 ml for spread plates;97 or to report out an
estimated count, even if data are below the countable range.90 In
some cases, filter plate data have been substituted in place of
spread plate data when the data fell below the LOQ to (1) extend
the dynamic range of microbial analysis relative to the spread
plate analysis and to lower the LOD by analyzing a higher fraction
of the undiluted extract and (2) decrease variability in the results
when using spread plate data below the defined LOQ. However,
there is no guidance on how to handle cases where filter plate
data are missing and the spread plate data fall below the LOQ. The
number of significant figures used in calculations must also be
considered.90 Agreement needs to be reached with the analytical
laboratory on the definition of the countable range, as well as how
data below the LOQ will be reported (e.g., report as non-detect,
report CFU as is). Standardization of the method used to report
the data by the analytical laboratories could help provide more
repeatable and reliable results. In addition, to ensure data are
reported in a consistent manner, establishment of data usability
and reporting guidelines are needed.

Data Analysis and Interpretation
Available statistical analysis software for microbial data. Guidance
is needed appropriate statistical software packages for the
intended use with microbial data. Several software products
which have been used for microbial data that were mentioned in
the literature are briefly described below. This list should not be
considered exhaustive.
EPA’s ProUCL Version 4.1 software was recently used to

investigate several options for interpreting culture-based/micro-
bial count data.103 ProUCL is a statistical software option that
provides several state-of-the-art parametric and nonparametric
methods such as Kaplan–Meier and ROS, for calculating the 95%
upper confidence levels (UCL) on the mean from data sets
containing both uncensored and censored data.104 ProUCL
software helps identify an appropriate method for the given set
of data by applying goodness-of-fit tests relative to a specified
distributional model (e.g., normal, lognormal, and gamma) and
making recommendations on a method based on the outcome of
these tests and other properties of the data (e.g., SD, skewness,
sample size, number of less-than values).104 However, ProUCL was
not designed for use with microbial data and is not well designed

for the calculation of 95% UCL on the mean for parameters
measured using count-based analytical methods because
(1) counts of zero prohibit ProUCL software from evaluating
gamma and lognormal data distributions; (2) count-based data are
inherently discrete, but ProUCL software assumes a continuous
data distribution; and (3) ProUCL software assumes only inter-
sample variation, while count-based data can also consist of
random Poisson counting variation.105 Brattin et al.105 developed a
statistical analysis approach, similar to ProUCL software, that
includes model fitting procedures and 95% UCL on the mean
calculations that include the effect of random Poisson counting
error. However, with this approach a count of zero would be
evaluated with results of zero, and therefore, options for dealing
with censored data would likely be limited.
The Visual Sample Plan is a tool that allows for design of a

statistical nonparametric and parameteric sampling plans and
subsequent statistical analysis of the sample data.106 The tool
provides many benefits such as ability to graph hot spot detection
and access to statistical and mathematical algorithms. However,
the user’s guide did not provide specific considerations for use of
the tool with microbial data. The Building Restoration Operations
Optimization Model (BROOM) tool can be used for collecting,
managing, and analyzing data and has been used for collection of
data in several microbial related projects. However, one of the
studies did not utilize the tool specifically for statistical analysis.26

In addition,it was unclear from the reviewed literature if the other
study that used the BROOM tool used it for statistical analysis or
not.107

Other statistical software packages mentioned with use of
microbial data in the literature identified during this review were
MATLAB (Mathworks, Inc., Natick, Massachusetts, USA),108 SYSTAT
(Systat Software Inc., San Jose, California, USA),108 SAS statistical
software (SAS Institute, Inc),109 SPSS (SPSS Inc., Chicago, Illinois,
USA),110 and R (R Foundation for Statistical Computing, Vienna,
Austria).111

Selecting appropriate statistical data distributions. Selection of an
appropriate statistical distribution for a count-based data set can
be problematic. Traditionally, microbial count data have been
converted to concentrations by dividing sample volumes for
statistical analysis.112 However, microbiological count-based data
could vary by several orders of magnitude or might not be
uniform in suspension and therefore might not fit the normal
distribution used by many traditional parametric statistical
tests.112,113 Use of a lognormal transformation has been suggested
for microbiological data.113 Use of discrete rather than continuous
distributions could help address the issue. However, the necessity
of considering discrete microbial distributions vs continuous
distributions might depend on the level of contamination.112 For
example, when the contamination level is high, a normal
approximation to the Poisson (discrete) distribution might
hold, and at low levels of contamination, a heterogeneous
distribution of the microbial agent in the matrix becomes more
important because the number of pathogens that individuals are
exposed to could be very few or zero.18 It has been suggested that
when clumping of spores occur, the clumps of spores will have a
mixture of different Poisson distributions related to the sizes of the
clumps in the sample, assuming the concentration is spread
uniformly over the area to be sampled.67 However, when non-
uniform concentrations come into play, a negative binomial
distribution is often used.67,114 Non-parametric statistical tests are
often used if the data does not fit a normal distribution.113 In
addition, because of the differences in the sample area for
multiple sample types (swabs, wipes, etc), there may be large
differences in the data values when generating summary
statistics.103 One possible solution to this issue that has been
suggested includes limiting the analysis to a single sampling
method that can address the project objectives.103 Finally, the
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pathogen concentration might increase in number due to growth
in the sample, compared with chemical concentrations that might
degrade or be transformed but do not multiply.18 The growth of
the pathogen in the sample might also cause clustered distribu-
tions or clumping of the pathogens in the sample,18 and therefore
make recovery difficult to determine. A method to assess both the

potential for microbial growth in environmental samples and
account for changes in recovery due to microbial growth is
needed.

Options for interpreting non-detects. Guidance is needed
on how to interpret analytical data falling below the LOQ and

Table 2. Options for interpreting non-detect data.a

Technique Percent of
observations
below
detection
limits

General description Advantages Disadvantages Source

Discard non-
detect
entries

NA Entries with a non-detect
value are eliminated.

This approach is simple. Analysis of results that have been
reported as not detected is not
possible. The data set may be
distorted.

Levine113

Substitution
of a value in
place of the
non-detect
value

o15% Substitute non-detects with zero;
half the LOQ or LOD; at the LOQ or
LOD; or at the
LOQ/√2. Substitution with ½ the
LOD has been used frequently in
the past for chemical assessments.

Substitution is simple. Treating
non-detects as zero reduces
overestimation while treating
non-detects as the LOD avoids
underestimation.

Use of this method could cause the
data set to become skewed.
Underestimation (with treating
non-detects as zero) and
overestimation (with treating non-
detects at the ½ the DL and at the
DL) is possible.

EPA;17

EPA;115

Levine113

Atchison’s
method

o15% The mean and variance are
adjusted to assume non-detects
are zero. Assumption
is that microbial data is log
normally distributed.

Assumes data below the LOD
were actually present, but could
not be recorded.

May result in overestimation. EPA;115

Levine113

Cohen’s
method

o20% Uses a maximum likelihood
estimation approach to fit a
lognormal distribution to the data.
Assumes the data follow
a normal distribution.

Accounts for data below the
LOD.

As the number of observations
falling below the LOD increases,
the statistical power decreases, and
the true significance level
increases. observations 420 are
required for consistent results. Do
not use if 450% of observations
are non-detect. The LOD must be
the same for all entries.

EPA;115

Levine;113

Helsel116

Kaplan–
Meier

o50% Non-parametric method. Estimates
a cumulative distribution function
for data that has multiple LODs to
compute descriptive statistics.

Does not require a distribution
to be specified. Can account for
multiple censoring limits.

Used primarily for data with
“greater thans”.

Helsel;116

Helsel120

ROS 50–80% Imputation method (censored or
missing observations are given a
value, but not all
non-detects are given the
same value) which uses probability
plot of detects to
fill in the non-detect values.

Can be used for data with
multiple LODs. Performs
better on small sample sizes than
MLE and substitution methods or
for data that do not fit a
distribution.

None given in the cited sources. Helsel;116

Helsel;120

Wong108

Modern MLE 50–80% Uses less-than values
(censored values) and
detected observations to provide
adjusted estimates
of the mean and SD that were
likely to have produced both
detected and non-detected data.
Assumes data follow a normal or
lognormal distribution.

Accounts for data below the
detection level.

Must have an n 450 to use this
method.

EPA;115

Helsel;116

Helsel120

Test of
proportions

450% Non-parametric method. Requires
at least 10% of the data be
quantified.

Can be used for categorical data
(presence/absence).

May not be applicable for
composite samples.

EPA;115

Levine113

Log-probit
analysis

NA?? Distributional method. Assumed
data has a
lognormal probability distribution.
Detected values are plotted and
percentages of non-detects are
accounted for.

More accurate and less biased
than substitution.

Requires data to have enough
detected observations to define
the distribution function with
confidence.

EPA17

Abbreviations: EPA, U.S. Environmental Protection Agency; LOD, limit of detection; LOQ, limit of quantitation; NA, not applicable; ROS, regression on order
statistic. aAdapted from Levine113 and EPA.115
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therefore reported as not detected (also known as censoring)
or below the quantitation limit. Many of the uncertainties
associated with interpreting microbial non-detect data might be
similar to uncertainties encountered when dealing with chemical
concentration data. When encountering non-detect data, a variety
of treatment options could be used (Table 2), but the best option
depends on goals for use of the data and the required accuracy.17

Traditional options for handling censored data include discarding
non-detect data and using simple substitution methods (treating
non-detects as zero, half the quantitation limit, at the quantitation
limit, or the quantitation limit/√2).17,113,115 However, treatment of
censored data (data reported as not detected) and data below the
LOQ and use of various substitution approaches can result in
descriptive statistics that do not adequately represent the true
underlying data distribution.116 For example, eliminating
non-detects from the data set might not allow for a true
interpretation of the data, while substitution method might
underestimate or overestimate the mean results.113 Various
options for treating censored data have been explored and have
continued to evolve in recent years beyond traditional (and
problematic) substitution approaches.108,116–119 Use of distribu-
tional analyses such as log-Probit analysis have also been used in
which the non-detects are treated as unknowns while the detects
are plotted on a scale.17 More accurate methods for computing
statistics are now available in statistical software and include:
modern maximum likelihood estimation which uses detected
observations and less-than values to generate summary statistics;
regression on order statistics (ROS) where non-detects are filled in
without assigning the same value; and Kaplan–Meier, which is a
nonparametric approach to estimate the cumulative distribution
function of data with multiple LODs.116,120 Imputation methods
such as ROS might provide better descriptions of censored data
than substitution approaches for non-detects or maximum like-
lihood estimation for data sets with o50 detected values.108,120

CONSIDERATIONS FOR FIELD STUDIES AND REAL-LIFE
CONTAMINATION EVENTS
Several considerations for interpreting field data during future
microbial contamination events were identified based on the
challenges discussed above. These include considerations for
sample collection, data management, and data interpretation. The
following sections briefly discuss these considerations in relation
to planning sample collection and analysis efforts for a future real-
world event.

Sample Collection Considerations
Before an event, planning for the response and remediation
efforts for a real-world scenario could entail establishing, which
sampling device and surface combinations will provide the best
data for the intended purpose. This could be accomplished
through research to develop sampling device/surface combina-
tions for different scenarios. For example, research into modeling
dispersion of spores into a homogenously mixed room has
recommended that 10–25 samples be taken in each room
to be sampled from untracked floors, HVAC filters, and walls
while targeting specific particulate sizes (3, 5, and 10 μM).25 Sego
et al.121 have proposed a sampling model using Bayesian
techniques which combines judgement samples taken in high
risk areas and random sampling in low-risk areas and provide an
estimate of the number of samples needed to provide confidence
in decisions regarding clearing a room. Hong et al.62 have also
used Bayesian techniques to integrate fate, transport, and risk
assessment models. From the results of their study, they have
recommended that environmental sampling can be limited to
determination of concentration of spores on the floor if the
particle size distribution is known. However, if the particle size

distribution is not known, then multiple sample locations and an
account of air circulation and particle density measurements
would also be needed.62 Stuart and Wilkening61 have suggested
the need to better understand degradation of agent viability and
subsequent modeling of viability in different environments both
before an event and after an event. In addition, establishment of a
DQO process24 for microbial agents is needed. This process could
include a clear definition of the samples needed to support
environmental concentration estimates (and subsequent exposure
assessment) and steps to meet established performance criteria.
Additional validation work is needed to determine collection and
recovery efficiency for the common indoor surface/sampling
devices,27,122 including identification of the appropriate type of air
samplers that could be used for estimating human exposure.
Where possible, keeping sample-collection personnel teams the
same throughout the entirety of the response might improve
consistency during collection. For example, this might include
ensuring that sampling personnel have adequate training, under-
stand the sampling procedures, and can reproduce the sampling
method during the sampling phases.
Noting the challenges encountered during sampling for a real-

world event might help to account for unusual results. For
example, a recent study set out to determine risk-informed
environmental concentration standards for mitigating prior
exposures (retrospective risk) and future exposures (prospective
risk) to B. anthracis in an indoor room.67 The study provided a
recommended approach for translating results from environmen-
tal sampling for B. anthracis into risk from exposure. However,
owing to the many uncertainties in the assumptions used for the
calculated values and the variance associated within the model,
additional research is needed on reliable sampling techniques to
depict a more accurate representation of a real-world scenario.67

Data Management Considerations
Before a real-world event, establishment of methods for manage-
ment and quality assurance of all data collected is crucial to
ensuring reliability and reproducibility of the results. The data
management process might include standardized collection and
organization of not only field data including descriptive metadata,
but also reporting of the laboratory results. Some of the elements
of metadata might include the sample number, the sampling
device used, the sample location and orientation, the sample size,
the type of surface sampled, time the sample was taken, surface
properties, and characteristics.36 In addition, metadata such as
reporting names of sample personnel who collected the sample
and any issues occurring during collection of that sample (such as
debris on the surface or irregular surface types) might aid in
interpreting irregular results. Handheld devices that are durable,
lightweight, and easy to use could be used to enter data as it is
collected when possible. Tools such as Scribe,123 Environmental
Quality Information System,124 and BROOM26 are examples of
tools that have been used to manage environmental data.
Determination of the format of the data (CFU vs cycle threshold,

qualitative vs quantitative data etc) reported by the laboratories
could be determined before a sampling event. Establishment of
guidelines on how to interpret microbial data before an event is
also needed to determine how the data can be used. In addition, a
way to manage and integrate the results collected in field with the
analytical data reported by the laboratories is needed. Ideally, a
common database could receive data directly uploaded from the
handheld field device. Fields for the analytical results could be
pre-built into this database so that laboratory personnel could
directly enter the results for each corresponding sample. An easily
accessible database could serve as the main source for storage of
data related to the event. Ideally, the database would also allow
options for printing and sorting of data, and integration of the
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data with Geographic Information System technology for pur-
poses of mapping the results.

Data Interpretation Considerations
Interpretation of results might require a multi-disciplinary team
including coordination of efforts by both sampling teams and
laboratory personnel.27 Before an event, guidance is needed on
how to handle data below the detection limit. Herzog et al.63 has
recommended that both instrument (evaluation using pure
culture) and environmental (evaluation using spiked environ-
mental matrices; LOD) are needed to determine exposure using
quantitative microbial risk assessment. In addition, the appropriate
statistical distribution for count-based data will vary for each set of
data, and will need to be determined during analysis of the data.
Recently, several options for interpreting culture-based/microbial
count data using spread plate counts below the established LOQs
were evaluated by the EPA using air and surface sample data
collected from a field study.103 Methods that were evaluated
included: substituting zero, substituting half the LOQ (15 CFU),
treating detects below the LOQ as detected, censoring data at the
LOQ (30 CFU), and censoring data at the LOD. Major conclusions
of the study were that censoring approaches might be more
useful than substitution approaches and that the distribution of
the data and statistical methods needed for a particular data set
could vary depending on the data that was collected. The study
aimed to use ProUCL software to examine how applying different
distributions to the same data set affect the final result.
Unfortunately, ProUCL software does not include an option for
evaluating the Poisson distribution, as recommended by Brattin
et al.105 Statistical software that includes the distributions
amendable to microbial count-based data, including the Poisson
distribution, are needed.

CONCLUSIONS
This paper summarized challenges faced in collecting and
interpreting microbial field data from a contaminated site and
explores the implications of related data limitations when using
field data for estimating potential environmental concentrations.
These challenges included (1) collecting environmental field
samples that are adequate for the intended purpose; (2)
conducting the appropriate type of laboratory analysis and
selecting a reporting format for the laboratory data; and (3)
analyzing and interpreting the data based on appropriate
statistical techniques. Several key findings were noted during this
effort. First, the only surface/sampling device combinations that
have been validated (by CDC) are swabs and sponge-sticks on
stainless steel surfaces. Thus, statistical analyses might be limited
due to lack of available quantitative method results. Validation of
additional surface/sampling device combinations is needed.
Agreement also needs to be reached with the analytical laboratory
on the definition of the countable range, as well as how data
below the LOQ will be reported. Also, guidance is needed on
appropriate statistical software packages for the intended use with
microbial count data. In addition, the distribution of the microbial
field data and statistical methods needed for a particular data set
could vary depending on the data that were collected. Without
proper guidance and tools, decision makers might have to use the
best available methods for estimating environmental concentra-
tions (and subsequent exposure) rather than the most applicable
ones.19 Additional guidance is needed on how exposure
estimated from environmental data can be integrated into
decisions regarding site characterization and clearance efforts.
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