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ABSTRACT

The prevalence of asthma in the United States (U.S.) has doubled since 1970, coinciding with the
increased use of gypsum-drywall in home construction. Mold growth is promoted when
gypsum-drywall gets wet. Since asthma is linked to mold exposures, accurate quantification of mold
contamination in homes is critical. Therefore, qPCR assays were created and then used to quantify
36 common molds in dust collected in representative U.S. homes during the first American Health
Homes Survey (AHHS). The concentrations of the 36 molds, i.e. 26 water-damage molds (Group 1)
and 10 outside molds (Group 2), were used in the formulation of a home’s Environmental Relative
Moldiness Index (ERMI) value. The ERMI values for each of the AHHS homes were assembled from
lowest to highest to create the ERMI scale, which ranges from —10 to 20. Subsequent epidemiological
studies consistently demonstrated that higher ERMI values were linked to asthma development,
reduced lung capacity or occupant asthma. Reducing mold exposures by remediation or with HEPA
filtration resulted in a reduced prevalence of asthma and improvements in respiratory health. The
ERMI scale has also been successfully applied in evaluating mold concentrations in schools and large
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buildings and appears to have applications outside the U.S.

Introduction

Since 1970, the prevalence of asthma has progressively
increased in the US. In 1970, about 3% of the U.S. popu-
lation had asthma (Evans et al. 1987) but in 1996, the esti-
mate was 5.5% (Mannino et al. 2002). The U.S. Centers for
Disease Control and Prevention (CDC) estimated that 7.7%
of the U.S. population had current asthma in 2021 (CDC,
2021). This increase in the prevalence cannot be accounted
for by genetic changes in the whole population in such a
short time. Rather, the answer to the increase in preva-
lence of asthma must lie in the changes in the environ-
ment that causes asthma.

In 2004, The Institute of Medicine’s expert commit-
tee concluded that exposure to moldy, damp indoor
environments was associated with respiratory tract
symptoms (IOM, 2004). A 2007 meta-analysis of studies
associating mold contamination with adverse health
effects (Fisk et al. 2007), it was demonstrated that
building dampness and mold were associated with
approximately a 30% to 50% increase in a variety of
respiratory and asthma-related health outcomes. Since

mold exposure has been linked to respiratory health, it
is important to be able to accurately quantify the risk.

Mold exposure was assessed in a mold investigation
by obtaining a short air sample (5min.) inside a home.
The sample was then examined using microscopy and
the mold spores enumerated. Alternatively, the sample
was cultured on growth media and the resulting colo-
nies identified and counted. However, the U.S.
Environmental Protection Agency (US. EPA) did not
recommend using air samples for mold analysis
because of the lack of standardization in the sampling
procedure, the analysis, or interpretation of the results
(U.S. EPA, 2002). Johnson et al. (2008) reached a similar
conclusion by noting that “professional judgment in
the evaluation of airborne mold sampling data leads to
inconsistent conclusions regarding the presence of an
indoor mold source!” A review of the air sampling and
analysis process found that these practices were inad-
equate to quantify mold contamination (Vesper 2011).
The limitations of the mold sampling and analysis were
described in the U.S. Department of Housing and
Urban Development (HUD) Report to Congress (HUD,
2005) which stated:
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“Standard approaches to mold testing include: (1) via-
ble count methods that involve collecting spores in air
and dust samples or through direct contact with the
mold, then culturing the spores on nutrient media and
counting the number of colonies that grow and classi-
fying them by species: and (2) spore counts that
involve counting the number of mold spores in air or
dust samples and, if possible, identifying individual
species or groups. These techniques are time consum-
ing and require considerable technical expertise.
Another problem is the difficulty in interpreting test
results, since mold spores are ubiquitous and there is
no consensus among experts regarding what consti-
tutes acceptable indoor spore concentrations in indoor
air or house dust, or which species are most
problematic.”

HUD also noted:

“Yet even now there are situations where reliable test
methods are needed, including the identification of
hidden mold problems and ...to better define
mold-related hazards based on significant association
with adverse health effects in residents.”

A World Health Organization Report (WHO, 2009)
described these mold assessment technologies as hav-
ing “serious flaws.” One of the major recommendations
espoused by the Institutes of Medicine report (IOM,
2004) regarding mold, moisture and health was the
need for the development of a molecular-based
method of mold analysis.

Methods

The development of qPCR assays for common
molds

Because of the noted inadequacies of the methods
used to estimate mold contamination, U.S. EPA
researchers undertook a research program to sequence
the nuclear ribosomal RNA operon, internal transcribed
spacer (ITS1 or ITS2) regions of common indoor molds.
The Type Culture for each mold was obtained from
leading Culture Collections. The Type Culture is the iso-
late on which the genus and species name is assigned
at the time of its deposit in recognized Culture
Collections. Therefore, no matter how future taxono-
mists change a mold’s genus and species name, the
Type Culture genus and species name is used for our
nomenclature.

In a few cases, e.g. Stachybotrys chartarum, the Type
Culture has been lost. In those cases, multiple culture
collection deposited isolates of Stachybotrys chartarum
were obtained, and a consensus sequence established.
As a result, we developed a quantitative PCR (qPCR)

assay for S. chartarum (Haugland et al. 1999) and a
reproducible method of extracting DNA for gPCR mold
analysis (Haugland et al. 2002).

Next, we examined the scientific literature to deter-
mine which molds had been reported in indoor envi-
ronments. Then gPCR assays for more than 100
common indoor molds were created based on our
sequencing data (Haugland and Vesper 2002) and the
assays tested for their sensitivity and specificity
(Haugland et al. 2004). From the more than 100 qPCR
assays, 82 mold species were selected for our initial
studies of mold contamination in homes.

Creation of the environmental relative moldiness
index (ERMI)

To begin our studies of mold-contamination quantifica-
tion, Meklin et al. (2004) collected settled dust in
homes classified as “moldy homes” (MH) or reference
(i.e. “non-moldy”) homes (RH). Then gqPCR assays were
used to quantify the 82 molds selected for our studies.
We found that about 70% of the 82 molds were never
or only rarely detected. We then compared the popu-
lations of six abundant species (Aspergillus ochraceus,
A. penicillioides, A. unguis, A. versicolor, Eurotium group,
and Cladosporium sphaerospermum) in MH and RH
homes. For these 6 molds, the ratios of the geometric
mean in MH compared to the geometric mean in RH
homes were >1. These results suggested that it may be
possible to evaluate whether a home has an abnormal
mold condition by quantifying a limited number of
mold species in a dust sample (Meklin et al. 2004).

Once the qPCR process of identifying and quantify-
ing common indoor molds had been developed, U.S.
EPA and HUD researchers set out to standardize mold
sampling and analysis. Realizing the inadequacies of
short air-samples, HUD, and its contractor, QuanTech,
developed a dust-sampling protocol based on the col-
lection of floor-dust from the living room and bed-
room at very specific locations in those rooms and for
a specified time limit in each room (Vesper et al. 2007c¢).

In the first American Healthy Homes Survey (AHHS),
QuanTech investigators collected the standard
dust-sample from homes (n=1,096) selected to be rep-
resentative of the housing stock of the continental U.S.
(Vesper et al. 2007c). The AHHS samples were pro-
cessed for gPCR analysis and the 82 indoor-mold spe-
cies were quantified. Next, we determined which of
the 82 molds had a national distribution. We defined a
mold with a national distribution as one with a geo-
metric mean of at least one spore per mg dust for all
1,096 AHHS homes. By this definition, 36 of the 82
molds had a national distribution.



Of the 36 nationally distributed molds, five were
well-known water-damage molds (which we refer to as
“Group 1 molds”) - Stachybotrys chartarum, Aspergillus
versicolor, A. fumigatus, Trichoderma viride, and
Chaetomium globosum. Another five were well-known
outdoor molds (“Group 2 molds”) — Cladosporium clad-
osporioides types 1 and 2, C. herbarum, Alternaria alter-
nata, and Epicoccum nigrum. To associate the remaining
26 mold species with either Group 1 vs. Group 2, we
first determined the geometric means (GM) of the spe-
cies known to be in Groups 1 and 2. The ratio of these
2 GMs (“Base GM Ratio”) was then computed as GM
(Group 1)/GM (Group 2). Then for each other species,
GM was calculated separately for moldy and for refer-
ence homes. If the resulting ratio of GM (moldy) to GM
(reference) was greater than the Base GM Ratio, that
species was categorized as Group 1. Otherwise, it was
categorized as Group 2. The final set of molds with a
national distribution was 26 Group 1 molds associated
with water-damage in a home and 10 Group 2 molds,
which originate predominately from the outdoor envi-
ronment (Table 1). The concentration of each of the 36
molds is expressed as the number of spores per mg
of dust.

Next, we sought a way to place the concentration
data for the 36 molds in each of the AHHS samples
into the context of relative mold contamination, i.e.
how does the mold contamination in a particular AHHS
home compare to the other AHHS homes. After explor-
ing many options, we found that converting the

Table 1. The 36 environmental relative moldiness index (ERMI)
molds divided into group 1 and group 2 molds.
Group 1

Group 2

Acremonium strictum

Alternaria alternata

Aspergillus ustus

Cladosporium cladosporioides Type 1
Cladosporium cladosporioides Type 2
Cladosporium herbarum

Epicoccum nigrum

Mucor group

Penicillium chrysogenum Type 2
Rhizopus stolonifer

Aspergillus flavus
Aspergillus fumigatus
Aspergillus niger
Aspergillus ochraceus
Aspergillus penicillioides
Aspergillus restrictus
Aspergillus sclerotiorum
Aspergillus sydowii
Aspergillus unguis
Aspergillus versicolor
Aureobasidium pullulans
Chaetomium globosum
Cladosporium sphaerospermum
Eurotium amstelodami
Paecilomyces variotii
Penicillium brevicompactum
Penicillium corylophilum
Penicillium crustosum
Penicillium purpurogenum
Penicillium spinulosum
Penicillium variabile
Scopulariopsis brevicaulis
Scopulariopsis chartarum
Stachybotrys chartarum
Trichoderma viride
Wallemia sebi
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concentrations of each mold to its log value (base 10)
accounted for each mold’s relative occurrence in a dust
sample. (To enable counting non-detected species, we
added 1 to all spore counts.)

Group 2 molds in aggregate reflect an influence of
the outside environment on a home. The influence is
variable from home to home depending on factors
such as pets that go outside, whether windows are
opened, and frequency of cleaning. Therefore, the con-
centration of each of the outdoor molds was converted
into a single number by adding their logs to arrive at
the “sum of the logs” for the Group 2 molds. Then we
used this same approach to arrive at the “sum of the
logs” of the Group 1 molds for each sample. By sub-
tracting the sum of the logs of the Group 2 molds
from the sum of the logs of the Group 1 molds, we
adjusted for the different ways that homes are used
(Vesper 2011). The result of this subtraction is a single
number called the Environmental Relative Moldiness
Index (ERMI) value for a home.

The ERMI value for each of the 1,096 AHHS homes
was calculated and then assembled on a scale from
lowest ERMI to highest ERMI value to create the ERMI
scale (Vesper et al. 2007a). This scale ranges from a low
of about —10 to 20 with a few homes even higher
than 20 (Figure 1). Notice, there is no defining unit for
an ERMI value; it is just a number. The interpretation of
the ERMI value of a home comes from its relative posi-
tion on the scale. The closer an ERMI value is to 20, the
higher is the relative mold contamination compared to
the US. housing stock. Therefore, a newly sampled
home’s dust can be analyzed, and its ERMI value placed
on the ERMI scale. For the sake of simplification, the
ERMI scale can be divided into quartiles. For example,
the 25% of homes in the highest ERMI quartile have
ERMI values >5 (Figure 1).

To ensure that the ERMI was applicable to housing
across the continental U.S., we needed to establish that
the 36 ERMI molds occurred randomly across the coun-
try. As part of the first AHHS, each of the 36 species’

Figure 1. The Environmental Relative Moldiness Index scale.
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geographical distribution patterns was examined indi-
vidually, followed by partitioning analysis to identify
any spatially meaningful patterns. For mapping pur-
poses, each of the 36 mold populations were divided
into disjointed clusters based on their standardized
concentrations, and first principal component scores
were computed. The partitioning analyses failed to
uncover any valid partitioning that yielded compact,
well-separated partitions with systematic spatial distri-
butions, either on global or local criteria. Therefore, the
36 molds and ERMI values themselves were found to
be heterogeneously distributed across the U.S. (Vesper
et al. 2011).

Results
Relationship between ERMI values and asthma

Asthma is the respiratory disease commonly associ-
ated with mold exposure (Mendell et al. 2018). Asthma
is also the most common chronic disease of children
in the US. (Zahran et al. 2018). The medical costs
associated with asthma are over $80 billion each year
(American Thoracic Society 2018). Therefore, the rela-
tionship between home ERMI values and asthma has
been the focus of our epidemiological research.

Even before the ERMI had been finalized, a study
showed that two Group 1 molds, Scopulariopsis brevi-
caulis and Trichoderma viride, had significantly
(p<0.05) higher concentrations in asthmatics’ homes
compared with control homes (Vesper et al. 2006).
Once the final ERMI was established with results from
the first AHHS (Vesper et al. 2007a), we were able to
expand our studies of the relationship between ERMI
and asthma/respiratory health. Most of the focus was
on children, but additional studies included adults
as well.

In an early study after creating the ERMI scale, dust
from the homes of children in North Carolina with
severe asthma were analyzed (Vesper et al. 2007b). The
average ERMI value in these homes was 16.6, therefore
in the highest quartile on the ERMI scale. In a study in
Detroit, children were grouped as non-asthmatic
(n=83), moderately asthmatic (n=28) and severely
asthmatic (n=32) based on prescription medication
usage for their asthma management (none, occasional,
and daily, respectively) (Vesper et al. 2008). The chil-
dren with severe asthma were found to be living in
homes whose mean ERMI value was significantly
greater than the mean ERMI value of the other chil-
dren’s homes.

As part of the Cincinnati Childhood Allergy and Air
Pollution Study (CCAAPS) prospective study of asthma

development, dust was collected in infants’ homes and
analyzed using the ERMI metric (Reponen et al. 2011).
When these infants reached the age of seven, 31 of
176 children (18%) were diagnosed with asthma.
Infants living in a high (=5.2) ERMI value homes had
more than twice the risk of developing asthma than
those in low (<5.2) ERMI value homes. In these homes
with high ERMI values, three specific Group 1 mold
species, Aspergillus ochraceus, Aspergillus unguis, and
Penicillium variabile, were significantly associated with
asthma development (Reponen et al. 2012).

In 2013, children with asthma in Boston (n=76),
Kansas City (n=60), and San Diego (n=93) were found
to be living in homes with significantly higher ERMI
values than were found in homes randomly selected
from the same geographic areas during the first AHHS.
The average ERMI value in the homes with an asth-
matic child was 8.73, i.e. in the highest ERMI scale
quartile, compared to 3.87 for the AHHS homes (Vesper
et al. 2013a).

ERMI values were determined for homes in the
“Head-off Environmental Asthma in Louisiana” (HEAL)
study and the children were tested by spirometry
(Vesper et al. 2013b). The average ERMI value in the
HEAL study homes was 7.3, i.e. in the top quartile on
the ERMI scale. In homes with ERMI values between
2.5 and 15, there was a significant inverse correlation
with the child’s lung function, as measured by forced
expiratory volume in 1s as a percentage of predicted
(FEV1%), and the ERMI value. The higher the ERMI
value, the lower the FEV1% test value of the child’s
respiratory capacity.

Although childhood asthma has been the major
focus of our ERMI studies, we have also examined the
relationship between asthma/respiratory health and
ERMI values in the homes of adults. For example, the
ERMI values in homes (n=139) of adults with asthma
and/or rhinitis in northern California were compared to
those from dust collected in homes from the same
geographic region in the first AHHS. The median ERMI
value in homes of adult with airway disease was 6.0,
which was significantly greater than median ERMI
value of 2.0 in the randomly selected homes from the
same region (Blanc et al. 2013).

In two low-income, flood-prone communities in
Atlanta, Georgia, a logistic regression model (con-
trolling for indoor smoking among participants resid-
ing at their current residence for two years or less)
showed a significant positive association between
asthma and the home’s ERMI value (Eiffert et al. 2016).
Similarly, the relationship between respiratory health
and home ERMI values was evaluated in two immi-
grant Hispanic communities, Mecca and Coachella City,



in Coachella, CA (Sinclair et al. 2018). About 11% of the
adults and 17% of the children met the study’s defini-
tion for having asthma/respiratory illness. The average
ERMI values in the housing of the cities of Mecca and
Coachella City, 10.3 and 6.0, respectively, are in the top
quartile of the ERMI scale. Together, these homes had
an average ERMI value of 9.0 and the average preva-
lence of occupant asthma was 12.8%. Mold contamina-
tion, as described by ERMI values, in the housing
available to these immigrants and the prevalence of
asthma in these communities was greater than these
averages for the rest of the U.S.

In a related study, ERMI values and health in the
public housing for the Hispanic Community of Sun
Valley Colorado were compared to other Denver
Colorado residents (Vesper et al. 2023). The average
ERMI value was 5.25 in Sun Valley homes compared to
—1.25 for the other Denver homes. Based on insurance
claim data (Medicare, Medicaid, etc.) for the previous
five years, acute upper respiratory infections, chronic
lower respiratory diseases and asthma were all signifi-
cantly more likely for Sun Valley than other Denver
residents.

In a review article, the relationship between ERMI
values and occupant asthma was analyzed using
receiver operating characteristic (ROC) curve and area
under the curve (AUQC) statistical analysis (Vesper and
Wymer 2016). This is the same statistical analysis used
to evaluate the accuracy of a medical diagnostic test
(Mallett et al. 2012). This statistical analysis produced
an AUC value of 0.69, which places the test accuracy
in the “fair to good” range (Simundi¢ 2006). The results
from these studies provide a reasonable assurance of
the utility of the ERMI scale for asthma- and
mold-related health studies.

Modifying mold exposures and improvements in
respiratory health

In several studies, we have evaluated the application
of methods for modifying or reducing mold expo-
sures and the impact on respiratory health. For
example, a study of targeted remediation of mold
and the health response for children with asthma
was undertaken in Cleveland, OH (Kercsmar et al.
2006). For children with asthma who live in homes
with a documented mold problem, remediation
aimed at the moisture sources, when combined with
a medical/behavioral intervention, significantly
reduced symptom days and health care use (Kercsmar
et al. 2006).

When it is not possible to remediate a moldy envi-
ronment, high-efficiency particulate (HEPA) filtration
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can reduce particulates, including mold spores. Cox
et al. (2018) demonstrated that placing HEPA filtration
units in the bedrooms of children with asthma can
reduce particulates. As a results, the average lung func-
tion of the children with asthma was significantly
improved (Isiugo et al. 2019).

Therefore, we examined the possible improvement
of lung function if HEPA units were placed in the class-
rooms of students with asthma. In the School Inner-City
Asthma Intervention Study 2 (SICAS 2), HEPA interven-
tions were used to reduce particulate exposures in
classrooms of students with asthma (Vesper et al.
2023). Prospectively, the students were randomly
divided into HEPA- or SHAM-(same unit without HEPA
filter) treatment classrooms. Mold contamination in the
students’ pre-intervention classrooms and in their
homes, specifically the student’s bedroom, were mea-
sured using the ERMI metric.

At the beginning of the school year, each student’s
lung capacity (FEV1% value) was measured. For those
students with a higher Group 1 mold level in their
pre-intervention classroom than their home (n=94),
the initial FEV1% test results for those students were
significantly (p<0.05) inversely correlated with the
Group 1 level in their classrooms. The higher the sum
of the logs of the Group 1 molds in the classroom, the
lower was the FEV1% test results.

At the end of the school year, the impacts of the
HEPA- and SHAM-treatments were compared. If the level
of Group 1 molds had been greater in the student’s
bedroom than classroom at the beginning of the school
year, then the HEPA intervention in the classroom did
not improve the student’s FEV1% test results measured
at the end of the school year. However, for those stu-
dents with greater Group 1 values in their classrooms
than homes at the beginning of the school year, their
average FEV1% test result was found to have signifi-
cantly increased by an average of 4.22% in HEPA-treated
classrooms compared to students in the Sham-treated
classrooms at the end of the school year (Vesper et al.
2023). For these students, the average Group 1 and
ERMI values had been significantly lowered in their
classrooms at the end of the school year compared to
the beginning of the school year.

Since exposures of infants to high ERMI homes was
predictive of the development of asthma at age 7
(Reponen et al. 2011), it appeared that mold exposures
during infancy may be critical for the development of
asthma. To test this hypothesis, we performed a retro-
spective study of the prevalence of asthma in a com-
munity before and after remediation of their homes.

From 2010 to 2012, the approximately 800 Faye
Apartments in Cincinnati, Ohio, were renovated (with
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HUD support) to green-building standards and renamed
the Villages of Roll Hill. To determine if the prevalence
of asthma was reduced for those infants born into the
community after the renovations were completed,
Ohio Medicaid data were accessed. The pre-renovation
prevalence of asthma for 7-year-olds in the community
was about 12% but for those infants born after the
renovations were completed, the prevalence of asthma
for 7-year-olds was reduced to about 6% (Beck et al.
2023). Although many exposures were reduced by the
renovations, e.g. the averge ERMI value was reduced
from 6 to 0, this study suggests that, to reduce the
prevalence of asthma, infants should not be exposed
to deteriorated, substandard housing, including homes
with high ERMI values.

Increased use of gypsum drywall may have led to
the increased prevalence of asthma

If there is a link between mold exposures, as measured
with the ERMI, and asthma; then what had changed to
promote mold growth in homes resulting in the
increase in the prevalence of asthma since 19707
Beginning in 1940, gypsum drywall began replacing
plaster and lathe materials in the home construction
industry. By about 1976, nearly all homes constructed
in the U.S. utilized gypsum drywall instead of plaster.
Unlike plaster, gypsum drywall with its paper coating is
highly susceptible to mold growth when it gets wet.
Did this change to the use of gypsum drywall in home
construction increase the likelihood of greater mold
exposures years later?

We addressed this question using AHHS data for
each home’s age and its ERMI value. For each AHHS
home, the vyear it was built was investigated.
(Unfortunately, in many cases the year a home was
built could not be discovered and these homes were
eliminated from the study.) Then, the ERMI values for
these homes were assessed to determine which had
been water damaged. We defined homes with ERMI
values >5 (n=126) as water damaged. These
water-damaged homes were divided into two groups;
those built in 1976 or before, i.e. older homes (n=61)
and those built in 1977 or later, i.e. the newer homes
(n=65) (Vesper et al. 2016b).

We found that newer water-damaged homes had
significantly (p=0.002) higher mean ERMI values than
older water-damaged homes, 11.18 versus 8.86 (Vesper
et al. 2016b). The water-damaged associated Group 1
molds Aspergillus flavus, A. fumigatus, A. ochraceus,
Cladosporium sphaerospermum and Trichoderma viride
were found in significantly higher concentrations in
newer compared to older high-ERMI homes. These

Group 1 molds were in greater populations in
water-damaged homes that were most likely to have
been built with gypsum drywall, i.e. built in 1977 or
later. We suggest that the progressive increase in the
use of gypsum drywall in home construction, resulted
in the increased exposure to water-damage associated
molds. This increase in mold exposures may be one
reason for the progressive increase in the prevalence
of asthma in the U.S. since 1970.

Repeatability and stability of the ERMI metric over
time

Next, we needed to establish the repeatability and sta-
bility over-time of the ERMI metric. In the Near-Road
Exposures and Effects of Urban Air Pollutants Study
(NEXUS) in Detroit, MI, floor dust samples were col-
lected 1 to 7months apart in participants’ homes. The
ERMI values for samples collected from the same home
were found to be consistent and without systematic
bias (Kamal et al. 2014).

In the Cincinnati Childhood Allergy and Air Pollution
Study (CCAAPS), the repeatability of the ERMI measure-
ment for the same home was evaluated. Quality con-
trol repeat sampling was conducted in 5% of randomly
selected homes within 3months of the initial dust
sampling. Repeatability was determined by calculating
the interclass correlation coefficient (ICC) between the
initial ERMI values and the repeated quality-control
samples’ ERMI values. The ICC value was calculated as
the ratio of intra-home to total variability of ERMI val-
ues. The ICC value was 0.61, which indicates
moderate-to-high repeatability (Reponen et al. 2012).

The stability of the ERMI metric over time was deter-
mined by comparing the ERMI values for homes sam-
pled in the first AHHS and sampled again in those
same homes in the second AHHS, 15years later (Vesper
et al. 2021). The 36 ERMI molds were analyzed in the
second AHHS exactly as in the first AHHS. For the
36-ERMI molds, the rates of detection, average concen-
trations, and geometric means were in significant con-
cordance (p<0.001) between the two Surveys,
indicating that the ERMI methodology was stable
over time.

Comparison of the ERMI to other assessments of a
mold contamination

In 2007, ASTM International promulgated the standard
D 7297 “Practice for Evaluating Residential Indoor Air
Quality Concerns” (ASTM International 2007). The first
phase of this Standard is based on a “walk-through”
examination of the home. A “walk-through” examination



had also been promulgated in the 2006 ASTM standard
E 2418 “Guide for Readily Observable Mold and
Conditions Conducive to Mold in Commercial Buildings:
Baseline Survey Protocol” (ASTM International 2006). The
use of a “walk-through” and/or questioning of the occu-
pants about water and mold are frequently the initial
steps in a mold investigation.

In the first AHHS, ERMI values were compared to
the inspector’s “walk-through” assessment of visual or
olfactory evidence of mold combined with occupant’s
answers to a questionnaire about mold odors and
moisture. Homes in the highest ERMI quartile agreed
with visual inspection and/or occupant assessment
48% of the time but failed to detect the mold in 52%
of homes in the fourth quartile of the ERMI scale
(Vesper et al. 2009a). These homes had “hidden” from
the inspector mold contamination, i.e. in walls, under
appliances, etc. In about 7% of the homes in the low-
est ERMI quartile homes, the inspection and occupant
assessments overestimated the mold problem. This
suggested that mold contamination investigations
need objective standards.

In many of our studies, the ERMI value was directly
compared to other assessments of mold contamina-
tion. The ERMI values were compared to traditional
visual mold inspection to classify the mold condition in
271 homes of infants (Reponen et al. 2010). Later, the
development of respiratory illness was measured for
the infants living in these homes and the predictive
value of each classification system was evaluated. The
binary classification of homes as either moldy or
non-moldy by on-site visual home inspection was not
predictive of the development of respiratory illness,
but the ERMI values, fit to a logistic function, were pre-
dictive of the development of respiratory illness (Vesper
et al. 2007b).

Historically, a comparison of mold populations from
indoor and outdoor air samples has been used to
determine if there is mold contamination in a home,
i.e. whether total mold levels were greater indoors
compared to outdoors. Meklin et al. (2007) did a direct
comparison of air samples collected indoor and out-
door simultaneously. Of the 36 mold concentrations
measured with gPCR assays in both the indoor and
outdoor samples, only the concentrations of Aspergillus
penicillioides, Cladosporium cladosporioides types 1 and
2 and Cladosporium herbarum were correlated in indoor
and outdoor air samples. Therefore, a general compar-
ison of total indoor mold versus total outdoor molds is
not justifiable.

Although HUD developed a standard dust sam-
pling protocol, we have found that it is sometimes
difficult or impossible to obtain a standard sample
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using this protocol. Therefore, alternatives sampling
methods, which still relied on settled dust, were
tested. In the first AHHS study (Vesper et al. 2009b),
we compared the standard dust sample to the vac-
uum cleaner dust. The ERMI values from the standard
dust sample and vacuum dust sample in the first
AHHS placed the home in the same quartile on the
ERMI scale. In the NEXUS study (Kamal et al. 2014),
vacuum bag dust ERMI values were compared to the
ERMI values from the standard dust sample. Although
the ERMI values for vacuum-cleaner dust samples
were generally lower than the ERMI values for the
standard floor-dust samples, the values were signifi-
cantly correlated (r=0.58).

In some inspection cases, a home is empty and thor-
oughly cleaned. Therefore, there is no floor dust to col-
lect. In those cases, we have found that an electrostatic
collection cloth, like a Swiffer™, can be used to collect
dust from above floor surfaces like tops of doors or
door molding, ceiling lamps, venetian blinds, etc. We
have found these samples to provide comparable ERMI
results to the standard dust sample (Cox et al. 2017;
Vesper et al. 2021). Therefore, the ERMI metric is appli-
cable to the many forms of settled-dust collection.

Application of the ERMI in schools and large
buildings

Although studies of mold levels in housing have been
the focus of our ERMI-investigations, mold problems
are not limited to homes. Mold contamination in
schools and other large buildings can also contribute
to mold exposures. One obvious difference between
homes and schools and other large buildings is that
the HUD standard method of dust collection is not
possible. Therefore, other settled-dust collection meth-
ods were used in these studies.

For example, settled dust samples were collected in
a water-damaged school in Springfield, Massachusetts
using electrostatic cloths (Vesper et al. 2015). For com-
parison, settled dust samples were collected in five
Idaho schools with no evidence of water damage. The
average ERMI value (15.51) in the Springfield school
was significantly greater than the average ERMI value
(=2.87) in the Idaho schools. Of note, ten of the
twenty-six Group 1 molds were in significantly greater
concentrations in the Springfield school than Idaho
schools. However, the populations of Group 2 molds,
which are common indoors even without water dam-
age, were essentially the same in the Springfield and
Idaho schools (Vesper et al. 2015). Unfortunately, we
do not have a national sampling of schools to create a
scale for relative comparison like we have for homes,
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but even the comparisons between a few schools can
establish meaningful differences.

Like schools, we do not have a random national
sampling of large buildings from which to create an
ERMI scale for large buildings. However, we have again
found the home ERMI scale to be useful for compari-
sons of buildings or parts of buildings. For example, a
comparative study of two identical (in terms of design)
four-story buildings used the ERMI to compare relative
levels of mold contamination (Vesper et al. 2018).
There were health complaints in one building, but
none in the other building. The average ERMI value in
the building with health complaints was 5.33 which
was significantly greater than the average ERMI value,
0.55, in the non-complaint building (Vesper et al. 2018).

In another study of a large building, mold contami-
nation was evaluated on levels 6 to 19 of an office
building with a history of water problems and health
complaints (Vesper et al. 2018). The water leaks were
discovered and the health complaints were confined to
the upper 5 stories. The average ERMI value on level
17 was 5.66 but only —0.58 on level 8. The higher ERMI
values were associated with floors with occupant
health complaints. Therefore, the ERMI metric appears
to provide useful information about mold contamina-
tion on a relative basis for schools and other large
buildings, in addition to homes.

Applications of ERMI outside the continental U.S

Although the ERMI scale is only applicable in the con-
tinental U.S., researchers in other parts of the world
have tested the methodology in many other countries
and U.S. territories outside the continental U.S.
Quantitative (qPCR) assays were used to compare dust
samples obtained from randomly selected homes in
the United Kingdom and in homes in Ohio. Only 13 of
the 81 species compared in these two sets of homes
showed significantly different concentrations (Vesper et
al. 2005). In Scotland, a population of nonsmoking,
adults with asthma completed a questionnaire that
allowed for the determination of the Asthma Control
Questionnaire (ACQ) scores and St. George’s Respiratory
Questionnaire (SGRQ) scores. Floor dust samples were
collected in the living room and in the bedroom and
ERMI values determined for each home. The FEV1%
values of adults with asthma were correlated with ACQ
scores, SGRQ scores and ERMI values in the homes
(McSharry et al. 2015).

In France, Meheust et al. (2012) collected dust sam-
ples from 40 dwellings and analyzed them by gPCR.
The 40 dwellings were divided into those with a low
(<6) or high (>8) ERMI values (n=20 in each). The

average ERMI value was 15.70 for the high ERMI com-
pared to 2.68 for the low ERMI dwellings.

In Finland, the ERMI was significantly associated
with certain observations of visible mold in Finnish
homes but not with moisture damage (Taubel et al.
2015). Several mold species occurred more frequently
and at higher levels in Finnish than in U.S. homes. This
may be the result of moisture from saunas that are
present in nearly every home in Finland. In addition,
many Finnish families dry their clothing by hanging
them indoors.

In Taiwan, the prevalence of asthma is one of the
highest in Asia. In a pilot study of homes in Taiwan,
the ERMI values were significantly greater in the homes
of children with asthma compared to the control
homes (Chen et al. 2015). Like the tropical island
of Taiwan, the tropical island of Puerto Rico has some
of the highest rates of asthma in the U.S. The island of
Puerto Rico is divided into Health Regions (HR). In the
northeastern HRs, the lifetime childhood asthma prev-
alence (LCAP) percentages are substantially higher
than the southwestern HR. The average ERMI value
was significantly greater in homes in the high than in
low asthma prevalence Health Regions (Vesper
et al. 2016a).

In a study of US. and Australian homes with matched
ERMI values, we compared the populations of the 36
ERMI molds (Rossini et al. 2017). Most of the 36 ERMI
molds were found in Australian water-damaged homes in
comparable concentrations to ERMI-matched U.S. homes.
The results suggest that the U.S. ERMI scale might pro-
vide reasonable estimates of mold contamination in
water-damaged Australian homes (Rossini et al. 2017).

Conclusions

«  Standardized and objective methods and tools
are necessary to quantify mold contamination
in homes and to evaluate the asthma risk for
occupants.

« The HUD settled-dust sampling method, or the
comparable electrostatic-dust collection method,
have been standardized to provide consistency in
mold investigations.

«  Quantitative PCR is now recognized and widely
applied as an objective method for identifying and
quantifying microorganism, including mold cells.

«  The ERMI scale provides a metric for the relative
comparison of mold contamination in U.S.
homes because it is based on HUD’s nationally
representative survey of U.S, homes.

«  The ERMI values in the same home were repro-
ducible over time.



« The ERMI scale has been tested in many
epidemiological studies and higher ERMI values in
the homes, and other indoor environments, are
linked to the increased likelihood of occupant
asthma, respiratory health complaints, and/or
poorer lung function for those with asthma.

«  The prevalence of asthma might be reduced, if
infants are not exposed to substandard housing,
including homes with high ERMI values.

Our epidemiological studies and the many other
studies and literature reviews have made a link
between asthma and mold exposures but this does
not prove that mold exposures cause asthma. However,
one can reasonably suggest that exposures to substan-
dard housing should be avoided, especially for those
with a family history of asthma or known atopy.
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