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Learning Objectives

* Point out the drawbacks and limitations of air sampling, the traditional
means of measuring home mold concentrations.

* Describe the process of dust sampling and analysis that yields an Environ-
mental Relative Moldiness Index (ERMI).

* Give examples of how the ERMI has been used to support the diagnosis of
childhood respiratory disorders and monitor exposure after taking measures
to eliminate mold.

Abstract

Objective: The objective of this study was to establish a national relative moldiness index for
homes in the United States. Methods: As part of the Housing and Urban Development’s American
Healthy Homes Survey, dust samples were collected by vacuuming 2 m? in the bedrooms plus 2 m? in
the living rooms from a nationally representative 1096 homes in the United States using the Mitest
sampler. Five milligrams of sieved (300 wm pore, nylon mesh) dust was analyzed by mold-specific
quantitative polymerase chain reaction for the 36 indicator species in 1096 samples. Results: On the
basis of this standardized national sampling and analysis, an “Environmental Relative Moldiness
Index” was created with values ranging from about —10 to 20 or above (lowest to highest).
Conclusions: The Environmental Relative Moldiness Index scale may be useful for home
mold-burden estimates in epidemiological studies. (J Occup Environ Med. 2007;49:829—-833)
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o understand the risk from mold
exposure, the medical community
needs a reliable process for deter-
mining the extent of the mold burden
in a home based on standardized
sampling and analytical methods. Air
samples have primarily been used to
measure mold concentrations. For
practical reasons, air samples have
been limited to very short durations,
often 5 minutes or less with the
resulting limitations in understand-
ing long-term mold exposures.'*

As an alternative to air samples,
mold specific quantitative polymer-
ase chain reaction (MSQPCR) anal-
ysis of dust has been proposed to
measure the mold burden in a
home.?>~° Dust is a repository of the
history of the mold condition of
a home and of the environmental
spore load and supports the view
that settled dust represents more
than temporary microbial condi-
tions.” Nevertheless, it is impracti-
cal to measure all the molds in a
home.

Therefore, indicator mold groups
for water-damaged and non-water-
damaged homes were selected from
a total of 82 species.®® Of the 82
species analyzed in samples of
water-damaged and control homes,
only 36 species were widely distrib-
uted. These 36 species were divided
into 26 group 1 species associated
with water damage and 10 group 2
species that are not associated with
water damage.® By subtracting the
sum of the log-transformed concen-
trations of group 2 species from the
sum of the log-transformed concen-
trations of group 1 species, a “Rela-
tive Moldiness Index” (RMI) was
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created.® This RMI was useful in
predicting health outcomes in studies
in Ohio homes.>® We now sought to
take this approach to a national sur-
vey of homes.

As part of the 2006 Housing and
Urban Development’s American
Healthy Home Survey (AHHS), dust
samples from a statistically represen-
tative set of homes across the United
States were analyzed. This national
spectrum of homes allowed us to
extend the RMI from just Ohio and
develop the “Environmental Relative
Moldiness Index” (ERMI) for the
United States.

Materials and Methods

Home Selection Process

AHHS targeted a nationally repre-
sentative sample of permanently oc-
cupied homes or housing units. A
housing unit is defined as a house,
apartment, mobile home, a group of
rooms, or a single room that is occu-
pied as separate living quarters. Sep-
arate living quarters are those in
which the occupants live and eat
separately from any other persons in
the building and which have direct
access from the outside or through a
common hall.

The first stage of the selection pro-
cess was to choose 100 clusters called
“primary sampling units” (PSUs),
which covered the entire United
States. The PSUs were selected with
probability proportional to popula-
tion in the 2000 census. The second
stage of the selection process was to
choose five “segments” in each PSU
with probability proportional to the
total number of housing units in the
segment. A segment consists of a
census block or a group of geograph-
ically contiguous blocks, and in most
cases is similar to a city block. The
third stage in selection of a sample of
housing units required the use of a
“sampling frame.” A sampling frame
is a list of all units in the segments
from which the sample of housing
units were drawn. A frame of hous-
ing units was created by a variation
of a process called “listing.” Listing

is the process of identifying and re-
cording the addresses of households
(or their descriptions and locations, if
they do not have addresses) on list-
ing sheets. In this way, all of the
places where people live, or might
live, within the boundaries of the
segment are eligible for inclusion in
the study.

For this survey, lists of households
in the sampled segments were ac-
quired from commercially available
sources. A sample of four residential
addresses, plus two backup ad-
dresses, was randomly selected from
the list in a typical segment to deter-
mine which households were eligible
to be included in the sample. These
lists were validated by a modified
listing process in which interviewers
visited the sampled segments with
the acquired lists to compare them
with the housing units actually
present to validate a list for each
designated segment within each
PSU. This comparison resulted in
some housing units being added to
the lists and others being deleted
from the lists. The result was the
ultimate selection of 1144 homes for
sampling. (For more detailed infor-
mation about the selection process,
go to www.hud.gov.)

Dust Sample Collection
and Analysis

Dust samples were collected from
the 1144 homes by vacuuming 2 m>
in the living room and 2 m” in a
bedroom for 5 minutes each with a
Mitest sampler-fitted vacuum, di-
rectly adjacent to the sofa or bed,
respectively. The dust was sieved
through a 300-pm pore size nylon
mesh (Gilson Company, Lewis Cen-
ter, OH). Sieved dust samples from
1096 (96%) homes were analyzed.
(Insufficient dust was collected in 48
homes.)

The analysis of the 1096 dust sam-
ples was completed by Environmental
Protection Agency (EPA)-licensed
commercial laboratories, and the
analysis of 435 randomly selected
samples were repeated at our EPA

laboratory, as previously de-
scribed.’™"" All primer and probe
sequences, as well as known spe-
cies comprising the assay cluster,
and the list of EPA-licensed com-
mercial laboratory were published
at the EPA web site: www.epa.gov/
microbes/moldtech.htm. Primers
and probes were synthesized com-
mercially (Applied Biosystems,
Foster City, CA; Integrated DNA
Technologies, Coralville IA; Sigma
Genosys, Woodlands, TX).

Statistical Methodology

Statistical analyses and graphics
were performed using SAS (SAS In-
stitute, Cary, NC) and the R Software
environment for statistical computing
and graphics (wWww.r-project.org).
Mold concentration values observed
below the minimum detection limit of
1 cell per milligram dust were treated
as left-censored data, and all summary
statistics referenced were estimated us-
ing a modified Kaplan—-Meier survival
model adapted for left-censored data.'?
The Kaplan—-Meier model is widely
used in the analysis of right-censored
data as typically found in survival
studies."® The modification involves
transforming the data from left-
censored to right censored, estimating
summary statistics, and transforming
back (as detailed).”

The three-stage sampling scheme
provided a nationally representa-
tive sample of occupied housing
units, and summary statistics for
that population accounted for the
probability weighting factors used
in drawing the sample. The ERMI
scale computation required that
each home in the survey be given
equal weight. Correlation between
the commercial laboratory results
and the results for the same sample
analyzed at our EPA laboratory
was determined by calculating the
Pearson correlation coefficient.

Results

Table 1 shows the rate of occur-
rence, the average concentration
and standard deviation, the geomet-
ric mean, and the highest concen-
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TABLE 1

Mold Species Occurrence Percentages in Dust Collected From 1096 AHHS Homes, Averages (AVGs) Cell Equivalents (CEs)
per Milligram of Dust With Standard Deviations (SDs), Highest Concentrations (CEs per Milligram of Dust), and Their
Geometric Means (GMs) as CE per Milligram Dust

Highest
Mold Species and Groups % Occurrence AVG CE/mg SD AVG Concentration CE/mg GM CE/mg
Group 1
Aspergillus flavus® 36 18 159 4,768 2
A. fumigatus® 62 19 205 5,800 3
A. niger® 69 99 1,918 6,200 4
A. ochraceus® 27 34 432 12,000 2
A. penicillioides 90 8,609 18,1759 6,000,000 91
A. restrictus® 12 51 5,864 25,000 2
A. sclerotiorum 26 6 787 890 2
A. sydowii 29 60 41 14,666 3
A. unguis 20 16 579 5,588 2
A. versicolor 30 28 195 3,574 2
Aureobasidium pullulans 94 1,719 178 130,000 263
Chaetomium globosum 51 45 709 21,000 2
Cladosporium sphaerospermum 82 1,497 888 23,000 13
Eurotium amstelodami 98 3,758 43,103 1,100,000 155
Paecilomyces variotii 46 208 450 204,539 2
Penicillium brevicompactum 52 98 113 6,200 5
P. corylophilum 17 16 281 2,600 2
Penicillium (Group 2)° 8 19 9 8,275 1
P. purpurogenum 15 2 60 260 1
P. spinulosum" 20 5 65 1,901 1
P. variabile 50 18 6,177 1,023 3
Scopulariopsis brevicaulis 53 18 175 5,200 2
S. chartarum 38 5 45 1,429 2
Stachybotrys chartarum 35 23 123 2,000 2
Trichoderma viride' 27 3 11 236 2
Wallemia sebi 75 962 12798 400000 18
Group 2
Acremonium strictum 57 16 517 970 4
Alternaria alternata 88 169 49 10,993 35
Asperqgillus ustus 40 6 33 738 2
Cladosporium cladosporioides (Type 1) 99 1,497 6,355 140,000 331
C. cladosporioides (Type 2) 70 32 182 4,100 4
C. herbarum 84 432 2,004 52,000 31
Epicoccum nigrum 93 2,394 12,291 250,000 117
Mucor racemosus’ 92 146 953 22,000 15
Penicillium chrysogenum (Type 2)¢ 66 129 1,533 38,000 5
Rhizopus stolonifer 29 3 21 530 1

Includes A. flavus and A. oryzae.

PIncludes A. fumigatus and Neosartorya fischeri.
°Includes A. niger, A. foetidus, and A. pheonicis.

dIncludes A. ochraceus and A. ostianus.

®Includes A. restrictus, A. caesillus, and A. conicus.

fiIncludes E. amstelodami, E. chevalieri, E. herbariorum, E. rubrum, and E. repens.

9ncludes P. crustosum, P. camembertii, P. commune, P. echinulatum, and P. solitum.

PIncludes P. spinulosum, P. glabrum, P. lividum, P. pupurescens, and P. thomii.

Includes T. viride, T. atroviride, and T. koningii.

lIncludes M. amphibiorum, M. circinelloides, M. hiemalis, M. indicus, M. mucedo, M. racemosus, M. ramosissimus, R. azygosporus, R.
homothallicus, R. microsporus, R. oligosporus, and R. oryzae.

This is the dominant subgroup of species.

tration of each of the 36 species
found in the dust of the 1096
AHHS homes. The Pearson corre-
lation coefficient between the 435
homes analyzed by our EPA labo-

ratory and these same samples an-
alyzed by the licensed commercial
laboratories was 0.734.

For each home, the mold burden
was computed by taking the sum of

log-transformed group 1 mold spe-
cies concentrations minus the sum of
log-transformed group 2 mold spe-
cies concentrations.>® Assembling
these mold burden values from low-
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Fig. 1. Environmental relative moldiness
index (ERMI) scale. The black curved line (at
arrow) represents the ERMI values of the
1096 homes assembled from lowest to high-
est. The scale is divided into quartiles to
facilitate interpretation. Because the result of
each of the 36 MSQPCR assays has a stan-
dard deviation of *half a log, each ERMI
value has a standard deviation of 3.

est to highest resulted in a scale
designated the ERMI (Fig. 1). (Be-
cause the standard deviation of each
of the 36 MSQPCR assays is *half
of a log,'" the sum of the standard
deviations produces a standard devi-
ation of 3 for any ERMI value.) The
ERMI values from the survey homes
were divided into quartiles based on
the percentage of homes falling
within those particular ERMI value
ranges.

Discussion

Past surveys of mold concentra-
tions have relied on air samples. For
example, Shelton et al'* reported on
the analysis of over 9000 indoor air
samples and 2400 outdoor air sam-
ples from 1717 buildings. They
found that Cladosporium, Penicil-
lium, non-sporulating fungi, and As-
pergillus were the most common
molds. Nevertheless, these samples
were not collected at random but
came from buildings with employee
health complaints, in the evaluation
of visible mold growth or odors, or
from a “proactive” indoor air quality
program. So there was an inherent
bias in the sampling locations. Also,
the samples were short-term air sam-
ples, and these types of samples have
many inherent problems.

For example, in one study using
N6-Andersen samplers, in combina-
tion with DG-18 agar and a sampling
time of 5 minutes, it was reported
that “the number of CFU/m’ in the

indoor and outdoor air varied widely”
and the “low predictive value . . . limits
their use in epidemiological studies.”"”
Spicer and Gangloff'® showed that
“the levels of fungi in the outdoor air
varied significantly between morning
and afternoon . .. with no pattern by
species, time of day, or location.”
Also, the methods used to analyze air
samples, either culturing or counting,
have there own set of limitations.

For culture-based analysis of air
samples, culture plates can be quickly
overgrown. Also, different molds have
different growth requirements and dif-
ferent growth rates. Identification of
the colonies on a plate can require
significant expertise in mycology.
Therefore, analysis of samples neces-
sarily favors the discovery and quanti-
fication of certain species.

For counting-based methods of air
sample analysis, short duration sam-
pling is again necessitated by the
limited surface area of the various
capture devices. These devices can
be quickly overwhelmed and the
mold cells not captured efficiently,
hidden by debris, or distorted by
drying. Also, because many mold
spores appear alike, similar appear-
ing spores tend to be combined into
large groups like “Pen-Asp,” which
includes not only Penicillium and
Aspergillus species but also any
other species with small round
spores. Therefore, the counts can be
greatly affected by the expertise of
the person doing the counting. In a
recent comparison test, identical air
samples were sent to various com-
mercial laboratories for testing.'’
Significant variability was reported
between laboratories and between
the researcher’s own laboratory and
the commercial laboratories. For
these reasons, we have selected dust
as the most practical substrate for
comparing the mold burdens in
homes in the United States and a
DNA-based method to identify and
quantify the molds.

Dust has been used to estimate the
mold burden in homes,*~%'® which
we define by both the concentrations
of the species as well as the diversity

of species in the home. Nevertheless,
it was not practical to measure all
molds in homes, so our goal was to
measure enough indicator species to
quantify mold burdens in homes
across the United States on a relative
basis. The 36 indicator species were
selected because they were widely
found.

The result of this approach is a
simple numeric scale, the ERMI
(Fig. 1). Because the ERMI scale
was developed using a nationally
representative sampling of homes,
one can now place any newly sam-
pled home in the United States on
this ERMI scale and assess its rela-
tive mold burden (lowest 25%, high-
est 25%, etc) within the standard
deviation of the ERMI value, which
is 3.'° This relatively high standard
deviation indicates that the ERMI is
not capable of separating small dif-
ferences in mold burdens, eg, a home
with an ERMI value of 2 is not
different from a 1 or a 4. Rather, the
ERMI is designed to distinguish
homes with major differences in
ERMI values. Thus, for example, a
home with an ERMI of 12 has a
greater mold burden than a home
with an ERMI of 2.

It is also important to note that the
ERMI is a mold index not a health
index. Each individual’s genetic
make-up and health status makes
their particular response to mold ex-
posures unique. Nevertheless, epide-
miological studies can help us to
understand group or population cen-
tered responses to mold. For exam-
ple, two epidemiological studies in
Ohio were conducted related to
asthma and the RMI. In Cleveland,
asthmatic children living in water-
damaged homes were studied and the
dust in these homes analyzed by
MSQPCR. There was an 80% likeli-
hood of finding an asthmatic child
in a home with a RMI value of
about 1 or greater.® Remediation of
the moisture and mold in these
homes significantly reduced the
asthmatic child’s need for either
emergency room visits or hospital
admissions during follow-up.'® In a
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prospective study of atopic infants
in Cincinnati, the risk of develop-
ing wheeze/rhinitis was 70% at a
RMI value of —2.5 or higher.®

The use of a highly standardized,
objective approach to mold analysis
centered on a DNA-based method of
identification and quantification
should provide more reliable mea-
sures of the mold burden in homes.
The resulting ERMI provides a sim-
ple numeric estimate of this mold
burden. The fact that the ERMI is
based on accumulated dust means
that it is not an instantaneous mea-
sure but a long-term measure of the
mold burden. On-going epidemio-
logical studies should help us deter-
mine if the ERMI improves our
understanding of the role of molds in
human health.
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