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Indoor  mold  exposures  have  been  qualitatively  linked  to asthma  for more  than  25  years.  Our  goal  has
been  to  turn  this  qualitative  link  into  a quantitative  assessment  of  asthma  risk  from  mold  exposures  as
estimated  by  the  home’s  environmental  relative  moldiness  index  (ERMI)  value.  The  home’s  ERMI  value
is  derived  from  the quantitative  PCR  analysis  of  36  molds  in  a  dust  sample.  Six epidemiological  studies
of  the  relationship  between  ERMI  values  and  asthma,  in cities  across  the  U.S.,  showed  that  both  children
and  adults  with  asthma  were  living  in  homes  with  significantly  higher  ERMI  values  than  the  control
or  comparison  homes.  Based  on these  six  studies,  the  accuracy  of  the ERMI  value’s  link to occupant
sthma
rea under the curve
ogistic regression

asthma  was  analyzed  using  receiver  operating  characteristic  (ROC)  curve  and  area  under  the  curve  (AUC)
statistical  analysis.  The  AUC was 0.69  which  places  the test  accuracy  in  the  “fair  to  good”  range  for  a
medical  diagnostic  test.  A  logistic  regression  analysis  of  the  six studies  was  performed  to  generate  an
equation  that can be used  to predict  occupant  asthma  at specific  ERMI  values.  The ERMI  metric  may  be a
useful  tool  to link  the  quantification  of  mold  contamination  in  U.S.  homes  to some  asthma  health  effects.

©  2016  Published  by  Elsevier  GmbH.
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. Introduction

The prevalence of asthma continues to increase worldwide with
bout 334 million asthmatics currently (Asher and Pearce, 2014).

∗ Corresponding author at: United States Environmental Protection Agency, 26
est M.L. King Drive, Cincinnati, OH 45268, USA.

E-mail address: vesper.stephen@epa.gov (S. Vesper).

ttp://dx.doi.org/10.1016/j.ijheh.2016.01.006
438-4639/© 2016 Published by Elsevier GmbH.
In the past 25 years, there have been hundreds of research articles
and numerous review articles that have indicated that there was
a qualitative link between water-damaged, moldy buildings and
asthma (Quansah et al., 2012; Sharpe et al., 2015a). Governmental
and international health organizations have also come to the same
conclusion in their reviews of the scientific literature (IOM, 2004;
hip between environmental relative moldiness index values and
j.ijheh.2016.01.006

WHO, 2009).
In previous studies, the association between mold exposures

and asthma was only qualitative because there was  no standardized

dx.doi.org/10.1016/j.ijheh.2016.01.006
dx.doi.org/10.1016/j.ijheh.2016.01.006
http://www.sciencedirect.com/science/journal/14384639
http://www.elsevier.com/locate/ijheh
mailto:vesper.stephen@epa.gov
dx.doi.org/10.1016/j.ijheh.2016.01.006
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Fig. 1. The environmental relative moldiness scale is the assembled ERMI values
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Table 1
Environmental relative moldiness index (ERMI) indicator molds: Group 1 associated
with water-damaged homes and Group 2 common in homes, independent of water
damage.

Group 1 Group 2

Aspergillus flavus Acremonium strictum
Aspergillus fumigatus Alternaria alternata
Aspergillus niger Aspergillus ustus
Aspergillus ochraceus Cladosporium cladosporioides 1
Aspergillus penicillioides Cladosporium cladosporioides 2
Aspergillus restrictus Cladosporium herbarum
Aspergillus sclerotiorum Epicoccum nigrum
Aspergillus sydowii Mucor group
Aspergillus unguis Penicillium chrysogenum
Aspergillus versicolor Rhizopus stolonifer
Aureobasidium pullulans
Chaetomium globosum
Cladosporium sphaerospermum
Eurotium amstelodami
Paecilomyces variotii
Penicillium brevicompactum
Penicillium corylophilum
Penicillium crustosum group
Penicillium purpurogenum
Penicillium spinulosum
Penicillium variabile
Scopulariopsis brevicaulis
Scopulariopsis chartarum
Stachybotrys chartarum
lowest to highest) from the American Health Homes Survey (n = 1083). The scale
as  then divided into quartiles. For example, 25% of homes have ERMI values <−4

nd 25% have ERMI values >5.

ampling and analytical process for quantifying molds. Often the
ssessment was limited to a visual inspection or short air samples
ith many inherent limitations (Vesper, 2011). Our goal has been to

urn this qualitative link between mold contamination and asthma
nto a quantitative assessment that can be acted upon.

To achieve this goal, a DNA-based method of mold identification
nd quantification called mold specific quantitative PCR (MSQPCR)
as created (Haugland and Vesper, 2002). In order to interpret

he data from the application of the MSQPCR technology, a stan-
ardized approach to sampling and analysis was required. This
pproach was produced as a result of the use of the MSQPCR tech-
ology in the Department of Housing and Urban Development’s
HUD, 2010) 2006 American Healthy Homes Survey (AHHS) (Vesper
t al., 2007; HUD, 2010). This survey included a national sampling of
omes selected to represent the full range of conditions in the U.S.
ousing stock. The HUD AHHS utilized a living room and bedroom
omposite, settled-dust sample for the analysis of agents like lead,
esticides, mold, etc. A total of 1083 homes in the U.S. were sam-
led and EPA researchers obtained a portion of each dust sample
or mold analysis.

The MSQPCR technology was used to identify and quantify 82
old species in each of the AHHS samples. From this panel of 82
olds, 36 molds occurred in the samples at concentrations with a

eometric mean of at least one cell per mg  dust. From the analysis of
hese 36 molds in each sample and a mathematical treatment of the
ata, a relative moldiness scale called the environmental relative
oldiness index (ERMI) was created (Fig. 1) (Vesper et al., 2007).
The 36 molds in the ERMI panel are considered “indicators,”

.e. indicating water damage/dampness in the home (Table 1). The
6 Group 1 indicator molds were more common in water dam-
ged homes and the ten Group 2 indicator molds were common in
omes, even without water damage (Vesper et al., 2009; Vesper,
011).

The ERMI value for each AHHS home was calculated, as shown
n Eq. 1, by taking the sum of the logs of the concentrations of the
6 Group 1 species (s1) and subtracting the sum of the logs of the
oncentrations of 10 Group 2 species (s2) (Vesper et al., 2007). [The
roup 2 molds are subtracted from the Goup1 molds to adjust for
ifferences in cleaning habits, use of windows for ventilation, etc.
Vesper, 2011).]

RMI =
26∑

i=1

log10 (s1i) −
10∑

j=1

log10 (s2j) (1)

To create the ERMI scale, i.e., the graphic representation of the
Please cite this article in press as: Vesper, S., Wymer, L., The relations
asthma. Int. J. Hyg. Environ. Health (2016), http://dx.doi.org/10.1016/

ata, each of the 1083 ERMI values from the AHHS survey were
ssembled from lowest to highest, as shown in Fig. 1. The resulting
RMI scale is a relative comparison of mold contamination in homes
cross the continental U.S.
Trichoderma viride
Wallemia sebi

For the sake of convenience, the ERMI scale is divided into quar-
tiles (Fig. 1). For example, 25% of homes in the U.S. have an ERMI
value below -4 and are in the lowest relative mold contamination
quartile and the 25% of homes, with ERMI values above 5, are in
the highest relative mold contamination quartile. Therefore, if the
relative mold contamination of any home in the U.S. is sought, the
ERMI provides a scale on which that home can be compared to the
rest of the U.S. housing stock.

In this review article, six epidemiological studies, in cities across
the U.S., will be summarized and the quantitative relationship
between ERMI values and asthma described. Based on these six
studies, the accuracy of the ERMI value’s link to occupant asthma
will be analyzed using receiver operating characteristic (ROC) curve
and area under the curve (AUC) statistical analysis followed by a
logistic regression analysis of the six studies to generate an equa-
tion that may  be considered for use in predicting occupant asthma
at specific ERMI values.

2. Support for the approach to the application of the ERMI
metric

There have been many approaches to defining mold contamina-
tion. Most often indoor mold contamination is estimated by visual
inspection. This approach ignores the fact that mold contamination
can be hidden from sight and smell. Also, not everyone performing
visual inspections is equally qualified. Therefore, the estimates are
subjective and inspector dependent.

Sometimes short air samples (three to five minutes) are used
to collect mold cells or spores which are then quantified by micro-
scopic counting or by culturing on specific media. (Longer sampling
times can result in too much density on the counting slide or Petri
dish.) Short sampling times only provide information about what
was in the air at that specific point in time. In addition, most mold
hip between environmental relative moldiness index values and
j.ijheh.2016.01.006

spores cannot be identified to the species level and sometimes
not even to the genus level, e.g., Aspergillus versus Penicillium,  and
vegetative mold cells or fragments cannot be identified at all by
microscopic observations.

dx.doi.org/10.1016/j.ijheh.2016.01.006


ARTICLE IN PRESSG Model
IJHEH-12902; No. of Pages 6

S. Vesper, L. Wymer / International Journal of Hygiene and Environmental Health xxx (2016) xxx–xxx 3

Table  2
Description of the six home studies of the relationship between environmental relative moldiness index (ERMI) values and asthma. The mean ERMI value and number of
homes tested (# homes) in the asthma versus the control groups are enumerated for each study, as well as, the general health end-point utilized in each study.

Location Occupant Mean ERMI value Health end-point
Asthma (# homes) vs. Control (# homes)

1. Cincinnati Infant 6.7 (69) vs. 2.1 (220) Physician diagnosed
2.  Boston Child 8.7 (76) vs. 5.2 (34) Physician diagnosed
3.  San Diego Child 8.1 (93) vs. 2.1 (28) Parental questionnaire
4.  Kansas City Child 9.3 (60) vs. 3.5 (22) Parental questionnaire
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5.  Detroit Child 8.7 (
6.  California Adult 6.0 (

If culturing is used to evaluate the mold populations, the molds
etected are limited to those that will grow on the media selected.
ll molds do not grow on the same media and some grow faster

han others, resulting in “slow-growers” being missed. But the most
mportant problem with traditional methods of mold analysis is
hat there is no standard, objective method for interpreting the
esults from either microscopic counting or culturing data (Johnson
t al., 2008; Vesper, 2011). On the other hand, the ERMI metric pro-
ides an easily understood scale that was the result of a national
urvey of U.S. homes.

In order to assure the general applicability of the ERMI method-
logy, several additional issues were investigated related to
ampling, reproducibility and ERMI value stability. The standard
RMI sample is a composite of dust from the living room and bed-
oom obtained at one point in time (Vesper et al., 2007). In a study
f homes of asthmatic children, we demonstrated that the separate
edroom and living room samples were highly correlated (Kamal
t al., 2014). We  also showed that samples collected from one to
even months apart in the same home fell within a 95% confidence
nterval of each other, indicating a strong likelihood of repeatability
f ERMI measurements without any systematic bias in the results
Kamal et al., 2014). Therefore, ERMI values were stable, indepen-
ent of season and not room specific.

. Summary of studies that utilized the ERMI metric

There have been six studies that have utilized the ERMI metric
n the quantification of mold contamination in U.S. homes and its
ssociation with asthma. The most important was a prospective
tudy that followed a cohort of infants until age seven. The other
ve studies were performed to examine the association between
sthma and the ERMI values in homes of either children or adults.
he studies took place in the geographically dispersed U.S. States
f Massachusetts (MA), Kansas (KS), California (CA), and Michigan
MI). There has been no attempt in this review analysis to adjust
or other risk factors, although in some of the specific studies, there
ere adjustments made.

.1. Prospective study of the relationship between ERMI values in
omes and the development of physician-diagnosed asthma

A prospective study of asthma development was  conducted
y researchers from the University of Cincinnati’s (U.C.) Depart-
ent of Environmental Health, the U.S. Environmental Protection
gency’s Office of Research and Development, the U.C. Medi-
al School and Cincinnati Children’s Hospital (Cho et al., 2006).
regnant women were enrolled in the study. Each home’s envi-
onment and the child’s health were monitored for seven years,
Please cite this article in press as: Vesper, S., Wymer, L., The relations
asthma. Int. J. Hyg. Environ. Health (2016), http://dx.doi.org/10.1016/

ntil a physician could make a diagnosis of asthma. Settled-dust
ollected in each infant’s home was analyzed for mold, as well as
or many other agents, including endotoxin, allergens, etc. Homes
ere also inspected by making a visual estimate of the mold

ontamination.
. 6.2 (83) Prescribed medication
s. 2.0 (44) Physician diagnosed

In an initial analysis of 176 children, infants who had lived in
homes with a high ERMI value (>5.2) were at more than twice
the risk of developing asthma than those in low ERMI value
homes (<5.2) (adjusted odds ratio, 2.6; 95% confidence interval [CI],
1.10–6.26) (Reponen et al., 2011). None of the other exposures
monitored, including the visible mold contamination estimates,
were predictive of the development of asthma.

After the initial evaluation of the 176 homes, an additional 116
homes were analyzed to make a final cohort of 292 homes and
infants. In this larger cohort, the average ERMI value in the homes
of infants that developed asthma was  6.7 compared to an average of
2.1 for the homes of infants that did not develop asthma (Table 2).
In this larger cohort, the multivariate model showed that the risk of
asthma at age seven was 1.8 times greater for each 10-unit increase
in ERMI values in the infants’ homes (Reponen et al., 2012).

3.2. Additional studies of the relationship between home ERMI
values and asthma

Four other studies of asthmatic children included cross-
sectional studies in the cities of Boston, Detroit, Kansas City, and
San Diego. In these cities, asthmatic children were found to be living
in homes with average ERMI values significantly greater than the
comparison homes (Table 2) (Vesper et al., 2013a). In addition, chil-
dren in Kansas City with severe asthma were living in homes with
an average ERMI value of 12.4 which was significantly greater than
those children with only mild to moderate asthma whose homes
had an average ERMI value of 7.9 (Vesper et al., 2013a). In a study
in Detroit, MI,  severely asthmatic children were found to be living
in homes with an average ERMI value of 8.7 compared to 6.2 for
homes of non-asthmatics (Table 2) (Vesper et al., 2008).

In addition to the study of ERMI values in the homes of asthmatic
children, the homes of adult asthmatics were the subject of one
study in northern California. The mean ERMI value in homes was
6.0, which was  significantly greater than mean ERMI value of 2.0 in
the comparison homes (Blanc et al., 2013).

In summary, both asthmatic children and adults were found
to be living in homes with high ERMI values. However, because
“asthma” was described by many different endpoints in these stud-
ies, overlapping in average ERMI values from study to study based
on these different endpoints was  observed. For example, the fact
that infants living in Cincinnati homes with an average ERMI value
of 6.7 is associated with disease development but older children
living in Detroit homes with an average ERMI of 6.2 did not have
asthma was a function of these overlapping endpoints.

4. Statistical evaluation and technical methodology for
showing the relationship of ERMI values to asthma
hip between environmental relative moldiness index values and
j.ijheh.2016.01.006

A meta-analysis was  considered for the analysis of these six
studies but this approach was  assessed as premature primarily
because of the small number of studies, all of which were connected
to one analytical laboratory. In addition, the dust sampling method

dx.doi.org/10.1016/j.ijheh.2016.01.006
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Fig. 2. Receiver operating characteristic (ROC) (jagged curved line) and area under
the curve (AUC) which is all of the area under the ROC curve.
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sed differed in the studies. In the HUD AHHS was a single MiTestTM

acuum sample from the living room plus bedroom of each home
Vesper et al., 2007). Since the MiTestTM sampler is no longer
ommercially available, dust was collected in the six studies by var-
ous methods. The common feature for each study was  that settled
ust was collected in the bedroom, living room or both.

In addition, the asthma endpoint varied in each of the six stud-
es (Table 2). In the prospective study of asthma development in
incinnati, the endpoint was physician-diagnosed asthma at age
even. In the Boston MA and the study of adults in CA, asthma was
lso based on a physician’s diagnosis. In the San Diego and Kansas
ity studies, asthma categorization was based on a parental ques-
ionnaire. In the Detroit study, asthma categorization was based on
he parent’s description of their child’s use of prescribed medica-
ion for asthma management using the Global Initiative for Asthma
GINA) classification system as non-, intermittent- and persistent
sthma (none, occasional and daily, respectively) (GINA, 1995).

The study locations also spanned many of the climactic condi-
ions across the US, from east coast, mid-west and west coast but
ropical states, like Florida, were not represented. Therefore a meta-
nalysis awaits more studies that are conducted more consistently.
owever, a combined analysis of the six studies was  pursued to
escribe the accuracy and the possible strength of the asthma asso-
iations at different ERMI values. Our goal was to provide an easily
nderstood, predictive model like a diagnostic test.

.1. Receiver operating characteristic (ROC) curve and area under
he curve (AUC) analysis

The data from six epidemiological studies of the relationship
etween ERMI values and asthma were analyzed using receiver
perating characteristic (ROC) curve and area under the curve
AUC) statistical methods to determine the accuracy of the ERMI
alue’s link to occupant asthma. ROC curves and their associated
UC are commonly employed for estimating the accuracy of med-

cal diagnostic tests with the goal of achieving high sensitivity
nd specificity (Mallett et al., 2012). Optimal sensitivity in this
ase refers to the Youden index which is the maximum difference
etween the ROC curve and the line of equality between sensitiv-

ty and 1-specificity (Youden, 1950). This describes a point which
aximizes the discriminatory power of the ERMI and may  be a rea-

onable choice for a cutoff ERMI value given equal weight between
ensitivity and specificity.

To create the ROC curve, the diagnostic sensitivity and specificity
alue for every potential cut-off point was plotted as an empirical
istogram for asthmatic and the control/comparison populations.
ernel density estimation with Normal smoothing was  used for the
istributions of ERMI scores among asthmatic and non-asthmatic
opulations based on the composite data.

The mean ERMI value in all of the homes associated with asthma
n = 469) was 7.97 compared to a mean ERMI value of 3.57 for all
ontrol/comparison homes (n = 431) (Table 3). The difference in
ean ERMI values between asthma and the controls/comparison

roup, 4.40, was statistically significant (t-test, p < 0.001) (Table 3).
herefore, it appears that the method of collecting the dust (as
ong as settled dust was collected), where in the home the dust

as collected (living room, bedroom or both), the different asthma
ealth endpoints and the specific study city were not limiting for
he combined analysis.

The AUC analysis is the most commonly used measure of the
verall performance of a diagnostic test (Qin and Hotilovac, 2008).
Please cite this article in press as: Vesper, S., Wymer, L., The relations
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he AUC gives the probability that a randomly selected diseased
e.g., asthmatic) individual will have a higher ERMI value home than

 non-diseased individual. A diagnostic test can be characterized
or both its sensitivity and specificity. In some cases, sensitivity
(14.4) is shown when a fixed specificity of 0.95 is selected for the comparison/control
homes.

is more important that specificity and in other cases specificity is
more important. We have looked at the results both ways.

Diagnostic accuracy for a medical test can be summarized for a
single threshold or by combining accuracy across a range of thresh-
olds. In our studies, there is a range of asthma thresholds. For
example, the mold exposure that is associated with the develop-
ment of asthma may  be different from exposure that exacerbates
asthma. Fig. 2 presents the result for selection for optimal sensi-
tivity. For the combined data, the optimal sensitivity was  found
to be 0.69 (95% CI, 0.65–0.74) and the corresponding specificity
was 0.39 (95% CI 0.35–0.44) (Fig. 2). An AUC value of 0.69 is gener-
ally considered to be in the “fair to good” range when evaluating a
medical diagnostic test’s ability to identify potential cases of illness
(Simundić, 2006).

On the other hand, the specificity of the test might be of greater
interest. Fig. 3 shows an estimate based on limiting the specificity
of the test to 0.95. The result is a sensitivity of 0.77 at an ERMI
value of 14.4. The calculated probability of having an occupant
with an asthma-related condition in a home with an ERMI value
of 14.4 is 31%. Therefore, the probability of finding an occupant
hip between environmental relative moldiness index values and
j.ijheh.2016.01.006

with an asthma condition in a home with an ERMI of 14.4 is 3.4
(31%/9%) times more likely than in a home for which the ERMI value
is unknown.
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Table  3
The means and standard error (SE) for the environmental relative moldiness index (ERMI) values for the six combined studies of asthma in homes, as well as, the 95%
confidence intervals about the mean and the statistical difference p value based on the Student t-test.

Group Mean SE 95% Confidence limits P value

Lower Upper

Asthma 7.97 0.33 7.32 8.62
Control 3.57 0.41 2.76 4.39
Difference 4.40 0.53 3.36 5.44 <0.001

Table 4
Asthma predictive result from the logistic regression at an example environmental relative moldiness index (ERMI) value of 10.

ERMI ASTHMA (9%) Control/comparison (91%)

10 Asthma positive 0.09 × 0.41 = 0.0369 0.91 × 0.13 = 0.1183a

10 Asthma negative 0.09 × 0.59 = 0.0531 0.91 × 0.87 = 0.7917
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commercial use.
a 0.0369 + 0.1183 = 0.1552 and 0.0369/0.1552 = 0.24 or 24%.

.2. Logistic regression analysis of the probability of asthma

Logistic regression analysis of the probability of asthma is esti-
ated by

(A|ERMI) = a + b ∗ ERMI (2)

n the study data, P(A|ERMI) is added as 1 if the subject has asthma
ymptoms, 0 otherwise. Given that results from studies such as
hese, cases and controls are independently sampled, P(A|ERMI) is
djusted so that the adjusted numbers of observed asthma cases
nd non-asthmatic cases reflect the actual proportion of asthma,
(A) = 0.09, in the general population (CDC, 2014).

The logistic equation development from the data set led to the
valuation of asthma’s prediction at different ERMI values. For
xample, if the ERMI value for a home is known to be 10, then
he likelihood of the occupant having an asthma condition is 24%
Table 4). At the ERMI value of 10, the probability of asthma for the
ccupant is increased by 2.7 times (24%/9%) compared to a home
n which the ERMI value is unknown. Similar predictions can be
enerated for other ERMI values.

The successful application of the statistical analyses typically
sed for estimating and predicting disease suggests that a quanti-
ative assessment of mold contamination, using the ERMI scale, can
e applied to assess the relationship between mold exposures and
sthma and inform decisions about reducing mold exposure risks.
n order to reduce the risk of asthma, the World Health Organiza-
ion suggested that mold exposures should be “minimized” (WHO,
009). However, everyone is exposed to mold at some level on a
aily basis. To utilize the WHO’s advice, a meaningful quantitative
stimate of mold exposure is needed. Our results suggest that the
RMI scale might be sufficiently specific and quantitative.

. Limitations of this review of the application of the ERMI

Although additional epi-studies using the ERMI are being pur-
ued, there has been a general consistency in the results to date.
owever, there are many limitations to this review analysis of the
RMI. For example, it has been noted that the MSQPCR analysis of
olds does not measure viable mold cells; only total cells (Sharpe

t al., 2016). However, measuring viable cells, limits one to short air
amples and/or the practical limitation of identifying and quantify-
ng large numbers of colonies. Monoclonal antibodies were recently
roposed to identify cultured molds (Sharpe et al., 2016). Perhaps
Please cite this article in press as: Vesper, S., Wymer, L., The relations
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 combination of approaches would be useful in enhancing our
nderstanding of the risks from mold exposures.

Another limitation of the ERMI scale is that it was created
rom results of U.S. housing only. An ERMI-type scale for different
countries should be based on a representative sampling of homes
in each country and may require adjusting for conditions in each
country (Osborne et al., 2015; Täubel et al., 2015). Homes in tropi-
cal environments will certainly require a different ERMI scale, since
the homes are generally open to the outside all year (Chen et al.,
2015).

Another limitation of this review was  that a comprehensive
quantification of potential confounding or contributing risk fac-
tors was  not completed in each study. Since asthma has multiple
phenotypes (Chung, 2016), it should not be surprising that mul-
tiple exposures contribute to the disease spectrum called asthma
(Sharpe et al., 2015b,c, 2016). Mold exposure is certainly only one
of many exposures that might contribute to asthma. It is even pos-
sible that the ERMI values measured in homes are only coincidental
proxies for other relevant exposures.

6. Conclusions

The ERMI studies do not prove that there is a causal relationship
between mold exposures for a particular person and the develop-
ment or exacerbation of asthma. However, at the population level,
these studies suggest a quantitative link that is consistent with
the many qualitative studies in the scientific literature associating
water-damage or dampness in homes/buildings and asthma.

These results would also help to explain why mold exposures,
as described by ERMI values, are linked to human asthma and
poor lung function, for both children and adults, as measured by
spirometry (Vesper et al., 2013b; McSharry et al., 2015). Therefore,
the ERMI metric may  be a useful tool to link the quantification of
mold contamination in U.S. homes to some health effects related to
asthma.
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