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» Only low microgram m~> concentrations of MVOCs prevail in basements generally.

» “C8” MVOCs were generally elevated in homes with detectable MVOCs.

» 2-Octen-1-ol was significantly elevated in non-problematic basements.

» C8 alcohols and ketones were found with molds known to predominate in wet locations.
» A semi-quantitative predictor of mold termed “MOW?” can aid in applied mold studies.
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Associating Microbial Volatile Organic Compounds (MVOCs) with the species producing them may open
the path to more rapid and reliable chemical methods to detect mold problems, especially for mold hid-
den in wall cavities or small enclosed spaces. This study associated the dominant MVOCs in a conve-
nience sample of 23 homes with the mold species present. Three semi-quantitative predictors of mold
growth (“MOW scores”) were assessed in the homes through a comparison of basement to main floor

areas. MVOC samples were collected and analyzed by GC/MS. Aerotek N-6 samplers were co-located with
Kgywords: the MVOC samplers to collect bioaerosols. Concentration and prevalence data for 19 definitive MVOCs
Bioaerosol . . . . .
1AQ were compareq with Fhe bioaerosol data. Mold predictor scores were elevated in basement locations
Indicators as compared with main floor areas. Of the 23 mold genera identified, the predominant genera (ranked
Moisture occurrences) were Cladosporium, Penicillium, Basidiomycetes, and Aspergilli. The MVOCs 2-octen-1-ol,
Mold 3-octenone, 2-heptanone, 1-octen-3-ol, and 1-butanol showed the highest average concentrations (11-
MVOCs 37 ug m~3), but no single MVOC was significantly elevated in basement locations as compared with main
floor living areas in these non-problematic homes. Using a less conservative one-tail test of significance,
average 2-octen-1-ol concentrations in basements were higher (p < 0.040), and both 3-octenone and
1-octen-3-ol were elevated (p < 0.095). Differences in MVOC occurrence were greatest between homes,
with MVOCs found in basement locations typically detected in living areas at similar concentrations
and frequencies. Based on these findings, the Cg MVOCs show promise as gross indicators of fungal
growth related to the most frequently found mold genera.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Available evidence has demonstrated that a multitude of factors
are associated with poor indoor air quality, including temperature,
humidity, lighting and noise; social/psychological stressors; and
microbiological causes such as fungal allergens or other growth
byproducts like Microbial Volatile Organic Compounds (MVOCs)
(Dillon et al., 1996). The Institute of Medicine has concluded that
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there is “sufficient evidence of an association” between exacerba-
tion of asthma and exposure to mold allergens (Pope et al., 1993).

Multiple federal funding priorities demonstrate an interest in
the root causes of poor indoor air quality and in the techniques
for their early detection and elimination (U.S. Department of
Health and Human Services, 2001; U.S. Department of Housing
and Urban Development (HUD) and Office of Healthy Homes and
Lead Hazard Control, 2004). The use of MVOCs as a rapid and reli-
able method to detect mold problems holds promise in this regard,
since MVOCs can serve as important indicators for the presence of
molds in indoor air pollution (Fiedler et al., 2001). At present,
however, the relevance of fungal metabolites in indoor air remains
insufficiently studied (Fischer and Dott, 2003).
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Despite the availability of highly sophisticated laboratory-based
methods for trace chemical detection, most routine assessment of
indoor fungal contamination problems is presently performed by
visualizing large-scale fungal growth (e.g., the “New York City
Guidelines”) and by environmental wipe or air sampling (New
York City Department of Health and Mental Hygiene, 2002). In
addition, comparative measures of moisture, such as the output
of a properly used moisture meter, can be taken to predict loca-
tions at which hidden mold growth is probable. However, these
relative moisture methods cannot detect excessive mold growth
or the causative species, and the intuition and experience of the
investigator must be relied upon to identify and sample suspect
growth locations. Services of dubious value have emerged offering
qualitative inspection services that capitalize on fears of “black
mold” or “toxic mold” contamination where resources directed to-
ward such analyses are unlikely to produce scientifically meaning-
ful results (Blackmold.awardspace.com, 2011; Home Air Check,
2011). For these reasons, advances toward more objectively char-
acterizing indoor mold contamination are of real interest to prac-
ticing professionals and the IH profession as a whole.

Competently performed field studies of suspected microbially
affected indoor environments rely heavily on sometimes subjec-
tive, semi-quantitative visual inspections, spore trapping, dust cul-
tures, or bioaerosol collection. Well recognized deficiencies of such
viable airborne mold sampling techniques include high seasonal,
geographic, temporal, and analytical variability, as well as compar-
atively long turnaround times. For this reason, the documentation
of one or more validated correlations between MVOCs and the
molds producing them may open the path to more economical
and precise chemically-based quantification methods. Given the
extensive commercial volatile organic compound analysis infra-
structure in the US today, mold assessments based on MVOCs
would be significantly quicker than culture-based analyses.

Delays in obtaining sampling results can greatly inconvenience
building residents and clients, and often add significantly to the
construction-related costs of mold-issue resolution at affected
buildings. Although existing methods are passable for some needs,
all mold assessment surveys could benefit greatly from a method
capable of providing a more immediate turnaround, with results
requiring less interpretation by the professional. Recent work with
portable ion-mobility spectrometry has resulted in a promising
field application of real-time MVOC detection with the lower limit
of detection necessary for most MVOCs (Tiebe et al., 2009). Inter-
pretation of conventional culture results, whether bioaerosol or so-
lid surface in nature, is often of questionable scientific merit. In fact
there is presently no definitive, widely accepted statement as to
the meaning of most cultured fungal concentration data. Correlat-
ing MVOCs to known mold genera and colonization extent, mois-
ture content, and related environmental factors, will serve to
create an investigative tool that is commercially feasible now, as
well as highly cost-effective.

A number of studies have been conducted on the utility of
MVOCs as indicators of fungal growth. Possible advantages to the
use of MVOCs for fungal contamination quantification include (a)
rapid analysis as no culture is needed, and (b) indication of not
only visible but also hidden microbial growth, since MVOCs are
known to permeate building structures (Gao and Martin, 2002;
Matysik et al., 2008). All culture-based methods suffer from an
inability to non-destructively detect mold hidden in wall cavities
or small enclosed spaces. A key characteristic of MVOCS—their
ability to diffuse from enclosed spaces, from behind vinyl wallpa-
per or vapor barriers, or off heating, ventilation, air conditioning
(HVAQ) filters free of visible contamination—has been of interest
to investigators seeking to employ MVOCs as indicators of latent
mold growth (Strom et al., 1994; Ahearn et al., 1997; Elke et al,,
1999; Hachem et al., 2009). It is this property, in part, that makes

MVOCs so attractive as a mold assessment tool. However, as noted
by the US Environmental Protection Agency, a definitive determi-
nation on how to use MVOC data remains lacking and “Research
on MVOCs is still in the early phase.” (USEPA, 2011).

Finally, information about the prevalence of specific MVOCs is
significant to basic research for several reasons. MVOCs in indoor
air present a group of compounds worthy of additional study both
because of their innate toxicological properties, or as precursors for
more toxic mycotoxins. For almost two decades now there have
been suggestions that such volatiles, and the mycotoxins for which
they may act as precursors (Borjesson et al., 1992; Zeringue et al.,
1993; Jelen et al., 1995; Pasanen et al., 1996) could be partially to
blame for indoor air quality (IAQ) problems caused by fungal
growth (Land et al., 1987; Tobin et al., 1987; Burge, 1989; Soren-
son, 1989; Flannigan et al.,, 1991; Miller, 1992; Samson, 1992).
Thus the prevalence of MVOCs is a basic public health question
of potential merit.

In one of the most frequently cited early works on MVOCs a to-
tal of 23 compounds (grouped into Classes A and B) were labeled
by Wessen and Schoeps (1996) as arising uniquely from microbial
sources. According to them, Class A MVOC occurrence is usually of
higher frequency than Class B but Class B compounds are necessary
to correlate microbial impact with the indoor environment. With
the publication of additional studies since Wessen and Schoeps,
it is possible to compile a more definitive list of presumptive
MVOCs. A single grouping of fourteen (14) empirically derived
MVOCs has been compiled by the authors in Table 1 (Ryan,
2011). The definitive criterion for this listing is the independent
quantification of an MVOC in three or more separate field-based
investigations (Hung et al., 2005).

Compared to other areas of IAQ research, there exist compara-
tively few field studies of MVOC occurrence patterns. The often ci-
ted work done in Swedish houses is based on only three houses
(one of which was a control dwelling) (Stom et al., 1994). The sig-
nificance of those findings must be guarded given the lack of a sta-
tistically valid number of observations. With respect to other field
studies of MVOCs there are relatively few reports (n~ 7) in the
peer-reviewed literature (Miller et al., 1988; Mc]Jilton et al., 1990;
Bayer and Crow, 1992; Wessen and Schoeps, 1996; Schleibinger
et al., 1997; Elke et al., 1999; Matysik et al., 2009) and no recent
surveys of US housing stock. All studies which attempted to corre-
late mold species with predominant MVOCs have yet to be re-
peated. The great majority of published studies to date have in
fact investigated mold genera and specific MVOCs only under lab-
oratory conditions (not discussed here), where a great diversity of
compounds is reported. Perhaps because of the complexity pre-
sented by this diversity there exists in the literature at present a
dearth of studies that examine the nature of the mold-MVOC rela-
tionship under field conditions. Recent work with artificial neural

Table 1
Fourteen MVOCs as suggested by consistent isolation in >3 field surveys (AIHA,
2005).

3-Methyl furan
1-Butanol
3-Methyl-1-butanol
3-Methyl-2-butanol
2-Pentanol
2-Hexanone
2-Heptanone
3-Octanone
3-Octanol
1-Octen-3-ol
2-Octen-1-ol
2-Nonanone
Borneol

Geosmin
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networks (ANNs) holds promise for distilling down this complexity
but it has thus far been reported only as preliminary findings (Le-
Bouf et al., 2010).

In this study, 23 non-problematic homes were convenience
sampled for definitive MVOC prevalence. Both drier main floor liv-
ing areas and presumably wetter basements were sampled. Base-
ment locations were a key component because of earlier findings
which showed significantly higher airborne fungal spore counts
of commonly encountered molds (i.e., Aspergillus, Penicillium, Clad-
osporium, and unidentified basidiospores) in damp residences (Li
and Kendrick, 1995). As none of the homes sampled were identi-
fied by their owners as problematic, basement areas were included
as surrogates for damp residences. A total of 19 MVOCs could be
determined with acceptable analytical precision (i.e., standards
were obtainable). Airborne molds present at each location were
also determined. Thus, in this work the MVOCs present were
examined in relation to mold species presumably generating them.

2. Methods

Study homes were convenience sampled from a pool of approx-
imately 45 community households, which had been previously
identified by participation in an ongoing baseline IAQ study of
non-problematic homes. Key selection criteria were the presence
of a basement and resident availability during the 3 month sum-
mer sampling campaign. Sampling logistics allowed a total of 25
homes to be studied during this period, although complete data
could only be obtained for 23.

2.1. Environmental data

Environmental data at each location was collected on each sam-
pling day. Temperature and relative humidity were continuously
recorded in basement locations using a Quest AQ-5001 (Quest,
Manitowoc, WI) and were grab sampled in main floor living spaces
using an Omega HHM25 meter with a calibrated probe (Omega,
Stamford, CT). Outdoor temperature and relative humidity were
also grab sampled with the Omega meter.

2.2. Qualitative assessments
Three semi-quantitative measures of mold growth associated

factors were defined and employed in this study. The association
of microbial growth with visible water or elevated moisture con-

Table 2

tent is well known (Hung et al., 2005). Furthermore, well-accepted
criteria have been developed for the visual determination of the
extent of mold presence (New York City Department of Health
and Mental Hygiene, 2002). Therefore, these two predictors of
mold (“Water Extent” and “Mold Extent”) were assessed in this
study for comparison to MVOC levels detected. A novel third pre-
dictor (“Organic Volume”), designated for assessing the amount
of organic substrate material potentially colonized or otherwise
available for mold amplification and MVOC production, was also
employed. Using these three measures, an attempt was made to
semi-quantitatively assess the degree of moisture, mold, and mold
substrate, respectively, present in sampling locations. Prior to the
initiation of the study, definitions of the extent of each of these
three parameters were developed (Table 2). The descriptors’
assessment criteria were written such that they could be objec-
tively measured, without exceptional reliance on the experience
of the field sampling personnel. In practice all three predictors
were determined by the same individual {Beaucham} thus elimi-
nating inter-assessor variability related error (but raising the pos-
sibility of assessor bias). As a group, these three predictors are
referred to as “MOW"” measures, for Mold, Organics, and Water ex-
tent. During each sampling event, upstairs and basement locations
were visually inspected and the MOW scores recorded. Photo-
graphs of all basement areas were obtained to blindly verify the
assignment of the Organics present. (It should be noted that none
of the homes were described as problematic by their owners, an
observation reflected in an average Mold score of 1.7 (see Results).
No home received a Mold score above 3, confirming there was little
to no visible mold detected in the homes sampled.)

2.3. MVOC sampling

Two (2) MVOC samples were collected in each house; one in the
main floor living area (excluding kitchens) and one in a centrally
located basement location. MVOC area samples were collected by
active sampling onto stainless steel siliconized tubes containing
300-400 mg Tenax TA and Carbopack B (Markes International,
Pontyclun, UK). Field sampling employed a battery operated dia-
phragm pump (SKC Aircheck Sampler Model 224-PCXR4; Eighty
Four, PA) with a flow rate of 45-55 mL min m~! operated for 3-
5 h to give a typical sample volume of 0.017-0.029 m>. Calibration
of the sampling train was accomplished through the use of a
graphite piston calibrator (DryCal DC-Lite, BIOS International
Pompton Plains, NJ) before and after sample collection.

Mold, organic volume, and water (MOW) measures and assigned values used in scoring sampling locations.

Extent of mold present
No visible mold

U wWwN =

Extent of organic volume present

LA WN =

Extent of water present
None

Current pooled water in one area

wA WN =

Slight odor and no visible mold or <2 s.f. in diffuse colonies
Distinct odor and no visible mold or <5 s.f. in diffuse colonies
Distinct odor and visible patches of mold (2-5 s.f.)

Distinct odor and visible colonies covering a large area (>10s.f.)

0-10% of floor space used for organic materials, essentially empty basement.

25% of floor space utilized, mainly inorganic materials; limited wood shelves, or cardboard boxes present.

50% of floor space used. Half organic material, half inorganics. Multiple stored cardboard boxes, hanging clothes, etc.
75% of floor space used for organic materials. Floor covered in old rugs/carpet, stacks of old books/magazines.
90-100% of floor space used. Leather, food debris, old clothes, wood, etc. covering the majority of available floor space.

Intermittent or only limited presence of water (e.g. washer floor drain), or past damage visible
Currently moist areas or extensive past water damage, no currently pooled water

Current pooled water covering a large majority of basement.
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Table 3
Average MVOC Concentrations and descriptive statistics ordered by decreasing concentration in basements.
Basement Main floor
Average concentration Range Standard Variance Average concentration Range Standard Variance
(ngm=3) (ngm™3) deviation (ugm3)2 (ngm™3) deviation
3-Octanone 37.3(12) 4.0-180.2 50.0 2496.4 11.6 (10) 4.1-45.9 12.7 161.5
1-Octen-3-ol 31.3(8) 7.1-120.9 39.9 1595.1 11.8 (8) 8.5-16.7 3.5 119
2-Octen-1-ol 28.9 (18) 12.4-79.6 16.2 261.6 21.5(17) 14.4-33.6 53 28.0
2-Heptanone 16.8 (23) 10.0-26.5 4.1 16.8 16.9 (22) 10.3-25.4 3.7 14.0
1-Butanol 14.3 (16) 6.1-57.2 13.6 186.4 11.0 (16) 5.4-30.5 7.5 55.7
2-Methyl-1- 13.7 (4) 9.3-20.1 48 22.7 104 (2) 8.5-12.2 2.6 6.7
propanol
Carveol 11.5(3) 8.8-13.6 2.5 6.0 11.9 (2) 8.0-15.7 5.5 30.1
3-Octanol 9.3 (8) 5.3-16.3 33 11.2 8.8 (9) 4.4-16.3 3.7 13.6
Gamma 7.9 (17) 4.8-11.7 1.9 3.6 8.7 (18) 4.9-17.6 3.9 15.1
Terpineol
Alpha Terpineol 7.6 (19) 4.6-13.5 23 5.5 9.0 (15) 5.2-27.4 5.7 32.8
Borneol 6.8 (20) 4.4-12.7 1.9 3.9 6.9 (21) 4.4-13.6 2.4 5.8
2-Nonanone 5.6 (15) 3.8-8.1 1.3 1.8 5.8 (12) 42-11.8 2.1 43
2-Pentylfuran 54 (17) 3.1-11.3 1.9 3.7 5.1(17) 2.9-12.6 2.6 6.8
2-Methylfuran 5.4 (10) 2.6-109 22 49 6.3 (8) 2.8-9.9 23 5.4
Thujopsene 5.3 (9) 2.9-8.8 1.9 3.9 5.9 (8) 3.2-98 24 5.6
Fenchone 4.9 (15) 2.8-6.8 13 1.6 5.2 (14) 3.3-9.8 1.7 2.8
Geosmin 43 (3) 33-5.8 1.3 1.7 6.0 (3) 2.8-9.5 34 11.6
Ethyl Butyrate 42 (20) 23-14.2 2.5 6.4 4.8 (19) 2.3-155 3.8 143
2-Pentanol 3.62 (1) - - - 438 (3) 3.4-5.9 13 1.6
2 Number in parentheses refers to the number of samples on which the average concentration was calculated.
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Fig. 1. Occurrence of MVOC species included in study.

2.4. MVOC analysis

Thermal-desorption is generally the preferred method when
sampling for MVOCs, as levels as low as 250 pg L~! are possible
(Hung et al., 2005). Sample processing and analysis was performed
by placing the adsorbent tube in a thermal desorber (Markes Inter-
national, Pontyclun, UK) and flushing with ultra high purity He-
lium gas (>99.999%) at a rate of 50.0 mL for 1 min in order to
remove the air and water present. The initial purge of the sample
tube was followed by a desorption purge at 300 °C for 10 min, in
which the compounds present were carried onto a cryotrap
(=10°C) to focus all organic volatiles present. The trap was
then heated ballistically to 300 °C and held at temperature for

5 min to load the organic volatiles onto the gas chromatograph
column.

A Hewlett Packard (HP) 6890 gas chromatograph (GC) with an
HP Ultra 2 column (50.0 m x 320 um x 0.52 pm) coupled to an
HP5973 mass selective (MS) detector was used for the separation,
identification, and quantification of the volatile compounds col-
lected. The GC/MS conditions were based on the MVOC elucidation
work of Gao and Martin (2002). After thermal-desorption, the oven
temperature program initiated at 35 °C for 5 min followed by an
increase of 10 °C min~ until a temperature of 220 °C was reached
(followed by a final increase to 280 °C for 15 min). To maximize
sensitivity, the MS was operated in scan mode from 40 to 260
atomic mass units.

dx.doi.org/10.1016/j.chemosphere.2012.06.066
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Mold genera and species detected.
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Abisidia

Curvularia geniculata

Acrodontium crateriforme
Alternaria alternata®
Aphanociadium
Arthrinium
Aspergillus fumigatus®
Aspergillus ochraceus®
Aspergillus versicolor®
Aspergillus niger®
Aspergillus ustus®
Basidiomycetes®
Beauveria bassiana
Botrytis cinerea
Choanephora
Cladosporium?

Epicoccum nigrum?®
Fusarium graminearum?
Fusarium solani®
Gliocladium
Paecilomyces marquandii®
Paecilomyces variotii*
Penicillium®

Phoma®

Pithomyces chartarum
Rhinocladiella

Rhizopus stolonifer®
Rhodotorula glutinis®
Trichoderma Harzarum?
Sterile fungi and yeasts

¢ Indicates designation as “Moisture Indicator Fungi”, per Yang et al.

Table 5
Genera occurrence and average concentrations ranked by times detected (46
maximum).

Genera Times Average Average CFU m > by
detected CFUm™3 sampling location
Downstairs  Upstairs
Cladosporium 44 227 213 241
Penicillium 42 165 203 128
Basidiomycetes 40 150 171 129
spp.
Aspergillus spp. 30 97 142 51
All other genera, 82 35 33 36
spp.

Compound identification was accomplished through the utiliza-
tion of the NIST98 reference standard library used in conjunction
with retention time comparisons to reference standards. Standard
and test compound retention times and concentrations were deter-
mined through the use of a quantitation database prepared using 3
and 5 point calibration curves. Only those MVOCs for which stan-
dards could be obtained are reported. With respect to the 14 com-
pounds listed in Table 1, eleven (~80%) could therefore be
included. An additional 9 compounds were included in the quanti-
fication method, based on their MVOC status ascribed by Wessen
and Schoeps (1996).

The reference MVOCs included in the study consisted of: 1-
butanol (Sigma, >99.9%), 2-pentanol (Fluka Chemika, >98%), 2-hep-
tanone (Sigma, >99.9%), 3-methylfuran (Absolute Standard, purity
not stated), 3-octanone (Acros Organics, >99%), 3-octanol (Fluka
Chemika, >97%), 1-octen-3-ol (Fluka Chemika, >98%), 2-octen-1-
ol (Absolute Standard, >92%), 2-nonanone (Acros Organics, >99%),
borneol (Fluka Chemika, 95%), and geosmin (Sigma, >97%). The
additional 9 MVOCs included were: ethyl butyrate (Absolute Stan-
dard, >95%), 2-methyl furan (Aldrich, >98%), 2-pentylfuran (Abso-
lute Standard, >98%), 2-methyl-1-propanol (Aldrich, >99.5%),
fenchone (Absolute Standard, 99%), o- and ?y-terpineol (Sigma,

Table 6
Summary statistics for three bioaerosol sampling locations.

>95%), carveol (source, purity not available), and thujopsene (Abso-
lute Standard, >97%). The limits of detection (LOD) for these
MVOCs ranged from approximately 0.1-2 pug m—>, with limits of
quantification (LOQ) roughly double that range.

2.5. Bioaerosol assessment

Aerotek N6 (single stage) impactors were used to collect bio-
aerosol samples (Aerotek Instruments, Phoenix, AZ). Samplers
were run for 3 min at 28.3 Lmin~! for a total sampled volume of
84.9 L. Malt extract agar (MEA) was utilized as the growth media
of choice for common indoor air fungi (Hung et al., 2005). Three
(3) bioaerosol samples were taken at each household. One was
from a central location in the basement, one from the main floor
living quarters (excluding the kitchen), and one from outside. An
alcohol wipe was used to decontaminate samplers after each sam-
pling run. Sample mean and standard deviation was calculated for
the three locations and reported as an estimate of the coefficient of
variation.

Immediately after collection, samples were transported in a
cooler to a laboratory refrigerator, where they were stored from
1 to 3 d until overnight shipment to the analytical laboratory. An
AIHA-EMLAP accredited laboratory was utilized to culture, quanti-
tate, and identify molds from the plates.

3. Results
3.1. Environmental measures

Using a paired t-test, temperatures were not found to be statis-
tically different between upstairs and downstairs locations
(p > 0.05). Temperatures upstairs averaged 73.0 °F compared to
73.1 °F down. Likewise, relative humidity was essentially the same
in both airspaces (70.7% upstairs average compared to 69.1%
down). During the 3 months of the sampling campaign, outside
daily temperatures averaged 79.5°F, and the average relative
humidity was 70.6%.

3.2. MOW scores

All three of the individual MOW predictor scores were signifi-
cantly elevated for basement areas as compared with upstairs loca-
tions (p < 0.007, minimum; paired t-test). The average Mold Extent
score in basements averaged 1.9 compared to a predictably lower
score of 0.9 for upstairs living quarters. Closely mimicking these re-
sults, the Water Extent score for all basements was 2.0 as com-
pared with upstairs values of 0.9. The Organic Volume scores
between the locations were also different, averaging 2.7 for base-
ments and 1.6 for upstairs areas sampled (data not presented).
Supporting individual MOW score differences, average MOW
scores were significantly different between the Basement and Main
Floor locations (p < 0.0001; Table 7). While bias alone on the part of
the assessor could account for MOW score differences, photo-
graphs of all locations were taken and the assessor’s score assign-
ments independently verified by the second author.

Range (CFU m~3) Geometric mean

Geometric standard deviation

Coefficient of variation Number of useable samples

Outside 428-3932 968.8 909.0
Main floor 59-2051 450.8 25.9
Basement 83-2871 569.0 29.2

0.939 14
0.057 22°
0.051 23

2 One sample was too numerous to count.
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Table 7

MOW scores ranked by basement values for 23 homes and their associated bioaerosols.

Location Basement average MOW Main floor average MOW Basement bioaerosol Main floor bioaerosol
code score Score (CFUm™3) (CFUm™3)
27NM 1 13 1222 440
191ES 13 13 333 118
46EP 13 13 83 1124
9NS 13 1.0 212 384
85MW 1.7 13 323 352
121MO 1.7 13 2871 201
18AP 2 13 745 1112
12SM 2 13 468 351
14SM 2 13 544 -
11TP 2 13 262 271
22AP 23 1.0 335 399
35AP 2.3 1.0 213 119
35BW 2.3 -b 1508 59
44EP 23 13 1059 636
14EW 2.3 1.3 216 1724
68MW 2.3 13 1703 421
19NM 2.3 13 1681 2051
28CB 2.7 13 610 519
107EW 2.7 13 1470 1227
25HU 2.7 -b 1189 729
110A 2.7 1.3 193 164
27UT 2.7 1.0 497 1107
73MW 3 1.0 979 717
Averages©: 1.95" 1.25" 569 451

2 Too numerous to count.
> Missing value.

€ MOW averages are arithmetic, bioaerosol averages are geometric;

3.3. MVOCs

MVOC occurrence (total number of times each MVOC was de-
tected above baseline) was tabulated for both locations (basement
and upstairs) and is presented in Fig. 1. The most frequently de-
tected compound was 2-heptanone, with 10 of the targeted 19
compounds seen in the majority (15/23; 65%) of homes. Most of
the MVOCs were found with similar frequency in both sampling
locations, although it appears from Fig. 1 that MVOCs tended to oc-
cur in basements slightly more frequently than in upstairs
locations.

Table 3 presents a ranked summary of the normally distributed
(Kolmogorov-Smirnoff test) MVOC concentrations in both loca-
tions. Concentrations ranged from the LOQ to a maximum of
37.3 ug/m>. For the MVOCs quantitated, the mean basement con-
centration was 12.3 pg/m> while the upstairs average was 25%
lower at 9.1 ug/m>. Values were compared by location using a
two-tailed two sample test assuming equal variance. No single
MVOC was significantly higher in basement locations as compared
with the main floor living space, although elevation of MVOCs in
basements is evident in the Table 3. However, if the less conserva-
tive one-tailed test for significance is employed, 2-octen-1-ol did
show significant elevation (p < 0.040) and both 1-octen-3-ol and
3-octanone tended toward significant elevation in basement loca-
tions (p < 0.095 and p < 0.065, respectively). Allowing for the one-
tailed test in this instance is methodologically defensible since it
would not be expected that main floor MVOC concentrations
would be higher than basement values.

3.4. Molds

All bioaerosol data was useable with the exception of that from
one home, where both sampling location plates were overloaded.
Data fit a lognormal model distribution using Q-Q plots and the
Kolmogorov-Smirnoff test (o« =0.01); thus the geometric mean
and geometric standard deviation were calculated. The estimate

“* values differ significantly at p < 0.001.

of the coefficient of variation for the upstairs and downstairs loca-
tions was very high, at 0.87 and 0.85, respectively, and only slightly
lower (0.76) for the outdoor samples. The twenty-three (23) mold
genera and 9 distinct species that were detected in the bioaerosol
sampling are listed in Table 4, while the ranked occurrence of the
predominant genera are shown in Table 5. The mold genera and
concentrations determined in sampled homes were generally not
remarkable and consistent with the findings of others (Hung
et al., 2005). The same was true for outside air comparison bioaero-
sols (data not presented). The most frequently detected molds
were seen in roughly two-thirds of all study locations. Cladospo-
rium was ubiquitous and was seen in all but one of the homes,
and also had the highest average concentrations detected
(227 cfu/m?). This was followed by Penicillium spp., found in 21
of the 23 homes (91%) with typical levels of 165 cfu/m>. The Basid-
iomycetes occurred almost as often (20/23 homes, 87%) with mean
levels of 150 cfu m~3. Aspergillus spp. were detected in 30/46 in-
stances (65%) at average concentrations of 97 cfu m~3, Indoor con-
centrations were generally lower than outside, and main floors
averaged lower bioaerosol concentrations than basements as was
intuited for these non-problematic homes (Table 6). The geometric
mean bioaerosol concentration in the 23 basements was
569.0 CFU m as compared with the main floor geometric mean
of 450.8. However, a paired t-test for the differences between the
upstairs and downstairs bioaerosol concentrations revealed no sig-
nificant concentration differences (p =0.39). It should be noted
that no samples were taken in duplicate, or on more than a single
day, and thus inter-sampling variability as well as daily variation
cannot be described.

4. Discussion
4.1. Environmental factors

Although basement relative humidity was lower overall by
about 1.5m units (i.e, percent units), it seems somewhat
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surprising in light of conventional expectations that the average
relative humidity levels between the basement and upstairs
locations were not greater. This is especially so given the ele-
vated Water Extent predictor averages (1.9 downstairs versus
0.9 upstairs). One possible explanation for this outcome was
the presence of central heating, ventilation, and air conditioning
(HVAC) in the majority of the homes studied (n=21%, or 91%).
As noted elsewhere in the discussion, the 3 month study period
encompassed a cooler and much wetter summer than is typical
for the study location. Observations were not made as to
whether air conditioning or heating was in use at the time of
sampling, only if it existed, but it is logical to anticipate lower
than typical usage. Thus we cannot be definitive about the effect
HVAC systems or open windows might have had, both on our
bioaerosol numbers or on MVOC concentrations. HVAC systems
typically exhibit poorly sealed ducts, loose floor penetrations, fil-
ter housings, and returns, and so could be expected to have
some influence on basement environmental conditions even if
not intentionally servicing the airspace of the downstairs loca-
tion, or in fact even running. This explanation is consistent with
the MVOC occurrence data, which indicated no distinct differ-
ences (with exceptions as noted) upstairs versus down (Table
3). A second explanation includes the possibility of a true
humidity difference between the two locations, but that our
sample size of only 23 homes was insufficient to precisely detect
it. Finally, it must be allowed that a simple measure such as rel-
ative humidity alone may not effectively or accurately describe
the propensity for mold colonization in some environments or
situations.

4.2. MOW scores

From the MOW score data, it is evident that basement areas are
much more likely to demonstrate mold—and any attendant
MVOCs—than are upstairs locations. The MOW predictor results
enable the determination of discrete values on what has long been
intuitively appreciated, and serve to confirm the soundness of the
study design of contrasting the two study locations for MVOC
occurrence. Basements are seldom as clean as the main floor living
areas of the home, and so our findings of an elevated Mold Extent
score (i.e., more visible mold growth) in these basement locations
might have been expected. The elevated Water Extent scores, in
the absence of significantly elevated relative humidity, is more
intriguing. A plausible explanation for the difference (in addition
to the discussion of relative humidity, above) concerns the influ-
ence of external weather conditions during the study period of
June through August. Specifically, water intrusion immediately fol-
lowing rainfall events was the likely cause for the elevated Water
Extent scores. In an average year, the study location would have re-
ceived 11.6 in. of rainfall (National Climatic Data Center, 2007).
During the period of this study, however, more than twice that
amount of rain was recorded (26.5 in.), with June described as
the 13™ wettest in over 100 years and August noted as the wettest
on record. Clearly there was much water in and around the homes
during the study period, and our data indicate that water could
even be found in the basements of the non-problematic homes
studied.

4.3. Organic volume measure

Since many objects are stored undisturbed for long periods in
basements and are therefore susceptible to continuous but slow
mold colonization, the elevated Organic Volume predictor scores
are of particular interest and potential utility. The Organic Volume
predictor averaged more than 50% higher in basements than up-
stairs (2.5 versus 1.6). Viewed in light of the other two elevated

predictors, and the observation that the presence of “musty odors”
was noted in 12/23 (52%) of the basements, these results lend sup-
port to the concept of a “mass effect” for MVOCs. That is, coloniza-
tion of larger volumes of organic materials in basements with
elevated Organic Volume scores can be responsible for some higher
MVOC concentrations. This result lends further reinforcement to
the validity of the Organic Volume predictor as employed in this
study.

4.4. MVOCs

These results, in conjunction with other investigators’ findings,
serve to confirm the status of 3-octanone as an MVOC with poten-
tial for serving as a practical indicator of elevated mold presence
(p < 0.065, one-tail). This MVOC was found in elevated concentra-
tions in basement areas known to have elevated moisture and
excessive growth substrate despite sometimes unremarkable air-
borne mold levels or visual indications of mold presence. We can
cautiously expand this group of MVOC indicators to include 2-oc-
ten-1-ol (p <0.040) and 1-octen-3-ol (p < 0.095), both of which
were arguably found at elevated levels in the presence of elevated
mold predictors. In fieldwork characterizing schools and commer-
cial environments suspected of mold contamination, 1-butanol
was found at average levels of 17 ug m~2 in almost half of all loca-
tions, while 2-heptanone was detected at an average concentration
of 1.9 ugm~> in approximately a third of such environments
(Snips, 2002). Although they did not show statistical significance
in this study, the elevations of 2-heptanone and 1-octen-3-ol are
clearly seen in Table 3. Furthermore, the results for these 8-carbon
MVOCs reinforce others observations about the relative general
importance of the “C8” compounds as MVOC indicators (Wilkins
and Larsen, 1995).

Schleibinger et al. (2005) performed laboratory studies compar-
ing MVOC production by genus/species on a variety of substrates,
and reiterated the findings of others that MVOC production is
inconsistent under controlled laboratory conditions. They con-
cluded that, based on the low emission rates seen and extrapola-
tion of those production rates to indoor air concentrations, only
extensive microbial contamination would be detectable through
the use of MVOCs. Our results contradict this finding, at least in
part. None of the homes studied was heavily contaminated yet ele-
vated MVOC levels were observed in basements for some of the
specific MVOCs quantitated. Given the higher Mold Extent scores
in the basements and the prescribed, objective criteria on which
scoring was based, we found that under field conditions the spe-
cific MVOCs quantitated here can in fact demonstrate elevated
concentrations in the absence of extensive visible mold
contamination.

4.5. Bioaerosols

The variety of molds identified in this study is similar to the re-
sults of another, larger cross-sectional study of 64 homes. Of the 23
genera shown in Table 4, about half (12) are categorized as Mois-
ture Indicating Fungi (MIF) in that work (Mahooti-Brooks et al.,
2004). The authors found that basements with a musty odor, water
sources, or mold had a two- to three-fold increase in fungal bio-
aerosol as compared to basements lacking those descriptors (our
results show no significant average bioaerosol elevations). One
plausible explanation for the increases in MIF seen in this study
would be an elevated Mold Extent and/or Organic Volume score.
Also of note is the finding of these moisture-indicating fungi under
the environmental conditions selected in this study. Moisture indi-
cating fungi, as signaled by higher predictor scores, may help ex-
plain the elevated MVOCs detected in this work.
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5. Conclusions

In homes free of mold-related complaints, MVOCs were never-
theless sometimes significantly elevated in basement areas. The
MOW scoring scheme presented in this paper is a first attempt to
quantitate the association between those areas and the MVOCs
found in them. Future work should examine problematic locations
to obtain MVOCs and MOW scores for comparison, to better assess
the meaning of elevated MVOC concentrations as well as validate
the MOW scoring approach. When the less conservative one-tailed
test for significance is employed, 2-octen-1-ol showed a significant
elevation (p < 0.040) and 1-octen-3-ol as well as 3-octanone could
arguably be considered significantly elevated in basement loca-
tions (p < 0.090).There exists at this time a need to better elucidate
the potential roles these specific MVOCs can play in assessing IAQ
via chemical indicator methods, which are demonstrably quicker
than culture methods.

As clearly demonstrated in this study, bioaerosol concentration
data and visual inspections may be inadequate for precisely defin-
ing the extent of airborne mold contamination. Much is presently
known about the high variability of CFU m~3 in numerous domes-
tic and commercial environments. In an overwhelming number of
such studies, the correlations between total CFU m~ indoor air
and adverse health effects is unacceptably low and of dubious va-
lue. Owning to this inherent variability attempting to find corre-
spondence between total CFUm™> and MVOCs is not advised.
Until validation for the use of evolving approaches such as ANN
(LeBouf et al., 2010) in conjunction with real-time instruments
(Tiebe et al., 2009) can be accomplished, an approach employing
MOW scoring represents a new avenue for further evaluation. Such
efforts involving fungal biomass research might more productively
focus on correlating the genera of mold present to the speciated
MVOCs also present, including the MIF. The correlation of those
molds, especially the MIF group, and those MVOCs may prove sig-
nificant and useful as part of a more rapid mold assessment tool for
investigators of mold-impacted homes or businesses.

There is a dearth of studies published in the peer-reviewed lit-
erature relating to MVOC concentrations under field conditions.
The majority of work to date has been done in laboratories where
the generation of specific MVOCs by specific microbial genera or
species was reported. The small number of MVOC field-based pa-
pers published are quite dated, employed extremely small group
of subjects, or pertain to non-residential environments. This study
provides new and additional baseline values of a definitive group
of MVOCs in 23 non-problematic residences, from areas reasonably
expected to demonstrate elevated MVOC concentrations. Future
work along these lines might attempt to further associate these
MVOCs with the variables responsible for their generation and
accumulation, serving as the essential basis for differentiating via
direct chemical methods a problem from a non-problem
environment.
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