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Abstract
Background— (1–3)-β-D-glucan is a fungal cell wall component, suspected to cause respiratory
symptoms in adults. However, very little is known on the possible health effects of (1–3)-β-D-glucan
during infancy. We examined the association between (1–3)-β-D-glucan exposure and the prevalence
of allergen sensitization and wheezing during the first year of life in a birth cohort of 574 infants
born to atopic parents. Endotoxin exposure was included as a possible confounder.

Methods—(1–3)-β-D-glucan and endotoxin exposures were measured in settled dust collected from
infants’ primary activity rooms. The primary outcomes at approximately age one included parental
reports of recurrent wheezing and allergen sensitization evaluated by skin prick testing to a panel of
15 aeroallergens as well as milk and egg white.

Results—Exposure to high (1–3)-β-D-glucan concentration (within fourth quartile) was associated
with reduced likelihood of both recurrent wheezing [adjusted OR (aOR) = 0.39, 95% CI = 0.16–
0.93] and recurrent wheezing combined with allergen sensitization (aOR = 0.13, 95% CI = 0.03–
0.61). Similar trends were found between (1–3)-β-D-glucan concentrations and allergen sensitization
(aOR = 0.57, 95% CI = 0.30–1.10). In contrast, recurrent wheezing with or without allergen
sensitization was positively associated with low (1–3)-β-D-glucan exposure within the first quartile
(aOR = 3.04, 95% CI = 1.25–7.38; aOR = 4.89, 95% CI = 1.02–23.57). There were no significant
associations between endotoxin exposure and the studied health outcomes.

Conclusions—This is the first study to report that indoor exposure to high levels of (1–3)-β-D-
glucan (concentration >60 μg/g) is associated with decreased risk for recurrent wheezing among
infants born to atopic parents. This effect was more pronounced in the subgroup of allergen-sensitized
infants.
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Exposure to indoor molds during infancy has been associated with respiratory symptoms, such
as increased risk for persistent cough and wheeze (1,2). However, evaluation of human health
effects of mold exposure has been hampered by lack of simple and reliable measurements of
exposure. (1–3)-β-D-glucan is a biologically active polyglucose molecule comprising up to
60% of the cell wall of mold, and some soil bacteria and plants. (1–3)-β-D-glucan levels in
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samples of airborne or settled dust have been used in several studies as a surrogate measure of
mold exposure (3–5).

Experimental exposures of mice, guinea pigs and adult human subjects to particulate (1–3)-β-
D-glucan failed to elicit inflammatory responses in the nasal or bronchial airways (6–8). On
the other hand, soluble (1–3)-β-D-glucan has been shown to enhance allergen induced airway
inflammation by increasing eosinophil infiltration and specific IgE in guinea pigs and mice
sensitized to ovalbumin (9,10).

A positive association between occupational exposure to (1–3)-β-D-glucan and general
(tiredness, headache) and respiratory symptoms (nose and throat irritation, cough), airways
inflammation and lung function has been found in the following workplaces: organic dusts in
woodwork and paper industry (11–13); household waste collection (14,15), poultry (16),
composting (17) and sewage treatment (18,19). Even though indoor exposures are lower,
similar symptoms have been found in adult populations exposed to indoor environments with
elevated (1–3)-β-D-glucan (20–23).

Data from adults may not be applicable for young children, as the immune system develops in
the first years of life, and immune responses may be modified by exposure to microbial products
(24). For example, early exposure to environmental endotoxin during infancy may have a
protective effect on subsequent aeroallergen sensitization in childhood (25,26). Exposure to
(1–3)-β-D-glucan may have a similar protective effect (3). Although no previous studies have
linked mold exposure to protective effects (2,27), our recent study has shown an inverse
relationship between exposure to Cladosporium and allergen sensitization to any allergen (P
< 0.05), as well as to aeroallergens (P < 0.05) in infants (28). There is limited data on health
effects of (1–3)-β-D-glucan exposure in children. Rylander et al. (29) reported that exposure
to increased airborne (1–3)-β-D-glucan positively correlated with upper airway symptoms in
atopic school children (6–13 years old). Two recent European studies found increased
dustborne (1–3)-β-D-glucan concentrations to have a slight protective effect on atopic wheeze
(1.2-fold decrease, P < 0.10) in school children (5–13 years old) (3), and both asthma (aOR =
0.70, 95% CI = 0.30–1.60) and persistent wheeze (aOR = 0.43, 95% CI = 0.15–1.21) in children
at age 1–4 (30).

As described above, existing data on health effects of (1–3)-β-D-glucan are contradictory and
few studies to date have assessed (1–3)-β-D-glucan exposure on clinical outcomes in an infant
birth cohort. We hypothesized that the prevalence of wheezing and allergen sensitization in a
large birth cohort of high-risk infants is inversely related to exposure to high indoor
concentrations of both (1–3)-β-D-glucan and endotoxin.

Methods
Recruitment

Infants were identified from birth certificate records in the Greater Cincinnati area from
October 2001 through July 2003. Parents were interviewed for allergic symptoms and those
reporting one or more symptoms were invited to be skin prick tested (SPT) for 15 aeroallergens.
Infants with at least one parent having positive SPT [SPT(+)] were eligible for enrolment in
the Cincinnati Childhood Allergy and Air Pollution Study (CCAAPS) as described previously
(31–35). One purpose of CCAAPS is to examine gene-environmental interactions; thus,
parental atopy was a critical criterion to obtain the most genetically at risk group. There were
1879 families with at least one parent reporting allergy symptoms. Of these, 1152 parents
agreed to participate in the SPT, and 881 had at least one parent with a SPT(+). Thus, the infants
of the 881 families were eligible and 758 agreed to participate. The participating children (n =
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758) were 20.1% African-American, reflecting the greater Cincinnati, Ohio area distribution
of 23.4%. The University of Cincinnati Institutional Review Board approved the study.

Exposure assessment
When infants reached an average age of 8 months, families were visited at their homes to
administer a detailed questionnaire to the parents on home characteristics, including
observations of visible mold/water damage. The homes were classified into three groups: (i)
no mold or water damage; (ii) low-visible mold (area <0.2 m2); and (iii) high-visible mold
(area ≥0.2 m2) (33). Dust samples were vacuumed from the baby’s primary activity room floor
(area of at least 2 m2). The baby’s primary activity room was defined as the one where the
infant spends most of his/her time, and in >90% of cases, it was the living room or the family
room. Thus bias because of selection of different types of rooms was minimized. For carpeted
floors (>90% of homes), a sample was collected from an area of 2 m2 (2 min/m2), while for
smooth floors the sample was collected from the entire room at a rate of 1 min/m2 (33).
Collected dust was weighed, sieved through a 355-μm sieve, and stored desiccated at −20°C
until extraction. Samples were analysed for indoor allergens as described by Cho et al. (34)
and for (1–3)-β-D-glucan and endotoxin as described below.

(1–3)-β-D-glucan and endotoxin analysis
As the exposure to (1–3)-β-D-glucan was not included in the CCAAPS study, we have analysed
only dust samples with sufficient amount of dust (at least 25 mg), after analyses for all other
allergens was completed. Thus from the initially collected 758 samples, only 574 were
available for the additional analysis. The (1–3)-β-D-glucan and endotoxin activities in dust
samples were determined by the endpoint chromogenic Limulus amebocyte lysate assay (LAL;
Associates of Cape Cod, East Falmouth, MA, USA). Two separate modifications of the assay
were used, the Glucatell assay for (1–3)-β-D-glucan analysis, and the Pyrochrome assay for
endotoxin. Each modification used a unique enzyme: factor G in the Glucatell assay, and factor
C in the Pyrochrome assay. Thus false-positive results were avoided. Endotoxin analysis was
performed as described by Campo et al. (35). For the (1–3)-β-D-glucan, 50 mg of each dust
sample was extracted in 2 ml of 0.6 M NaOH and shaken for 1 h at −4°C. Twenty-five μl of
Glucatell reagent was added to each well of serially diluted (1: 100 000 and 1: 1 000 000) dust
extract and a control standard (1–3)-β-D-glucan (Pachyman, Associates of Cape Cod, East
Falmouth, MA, USA), placed in a 96-well, flat-bottomed microplate. After 30-min incubation
at 37°C, diazo-reagents were added to stop the reaction. The optical density was recorded at
540 nm. The median coefficient of variation (CV) was 9% for the intra-plate variability and
27% for the inter-plate variability. All samples of (1–3)-β-D-glucan were above the lower limit
of detection (LOD) of the Glucatell assay (5 pg/ml). Thirty-five of the 574 endotoxin samples
were below the LOD of 0.0625 EU/ml and were recorded as LOD. LOD values were divided
by the square root of two for the data analyses.

As currently it is not clear whether the concentration (μg/g) or loading (μg/m2) unit better
represents the actual exposure (36), results were reported in both measures – expressed as μg/
g and μg/m2 for (1–3)-β-D-glucan and EU/mg and EU/m2 for endotoxin exposures.

Medical evaluation of infants
The medical evaluation of infants was performed during a clinic visit at the average age of 13
months (range 11–18 months, of these 95% were <15-months old). Sensitization to both food
and aeroallergens before age one is an important risk factor for development of persistent
wheeze symptoms and asthma in children born to atopic parents (37). Thus, infants were tested
for allergen sensitization by SPT to a panel of food (milk, egg) and 15 common indoor and
outdoor aeroallergens (seven pollen, four mold, cat, dog, German cockroach, house dust mite).
An SPT(+) to at least one allergen was defined as a wheal ≥3 mm larger than the saline control
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after 15 min (32–35). All SPTs were performed using the Accu-set tips and aeroallergen
(provided by ALK-Abelló, Inc., Round Rock, TX, USA) (32). We analysed data on SPT
positivity to at least one allergen (regardless whether food or aeroallergen), as well as SPT
positivity to at least one aeroallergen. At clinic visits, the parents were interviewed regarding
wheezing using questions adapted from the ISAAC questionnaire for 4–5 years old (38). The
following outcome variables were used: recurrent wheezing (≥2 episodes in the past 12
months), recurrent wheezing combined with SPT(+), and allergen sensitization (a positive SPT
to at least one aeroallergen and/or food antigen). The reference group for recurrent wheezing
consisted of infants with ≤1 wheezing episodes in the past 12 months regardless of the SPT
status. The reference group for the recurrent wheezing with allergen sensitization consisted of
infants with ≤1 wheezing episodes and SPT(−) status.

Data analysis
The associations between (1–3)-β-D-glucan and each health outcome were investigated for
574 infants. Histograms and quantile–quantile plots showed that (1–3)-β-D-glucan levels were
approximately lognormally distributed.

Univariate logistic regressions were initially performed to evaluate associations between
wheezing outcomes and predictor variables believed, a priori, to be related to wheezing in
infants (39). Predictor variables that were significant at the 20% level in the univariate analyses
were initially included in the multivariate logistic regression analyses. This significance level
was chosen to include covariates that were moderately correlated to wheeze outcomes.
Variables, which maintained significance levels approximately equal to 5% in at least one
wheeze model, and/or changed the regression coefficient (or SE) of another variable by at least
15% when dropped from the model, were kept in the final model. (1–3)-β-D-glucan remained,
a priori, in all models. Predictor variables that were evaluated, but not included in the final
model, were breastfeeding duration (<1, 1–24, >25 weeks), dust-mite, and cockroach allergens,
and number of dogs and/or cats in the home.

After univariate analyses, allergen sensitization (SPT+), recurrent wheeze, and recurrent
wheeze with allergen sensitization were analysed by multiple logistic regression analyses, in
which loge (1–3)-β-D-glucan and endotoxin, were continuously modelled. Categorically coded
day-care attendance (yes vs no), either parent asthma (yes vs no), gender, race (African-
American vs non-African-American), number of siblings in the same household (one vs none,
more than one vs none), visible mold in home (low vs none, high vs none), mother’s smoking
(≥20 cigarettes a day vs none), lower respiratory condition (at least one of whooping cough,
croup, viral infections, bronchitis/bronchiolitis, flu, pneumonia, vs none), and upper respiratory
condition (at least one of cold, ear infection, sinus infection, strep throat, tonsillitis, coloured
drainage vs none) were also modelled. Covariates were chosen using a backward elimination
technique.

(1–3)-β-D-glucan exposure was modelled continuously. ORs and 95% CI for the (1–3)-β-D-
glucan variable were obtained to estimate the odds of each health outcome for an infant within
each quartile. The reference value was the lower endpoint of each of the quartiles. We also
tested for an interaction effect between (1–3)-β-D-glucan and endotoxin, and as such was not
found in the wheezing outcomes, we included endotoxin as a confounder in the wheezing
analyses. Endotoxin was modelled both in quartiles and continuously. In the latter case, ORs
and 95% CI for endotoxin were estimated for an increase from the 25th to 75th percentile of
the range of observed values (inter-quartile range). We performed two types of analyses – with
and without endotoxin included in the final logistic models.

Graphical interpretations of wheeze prevalence (both wheeze outcomes) vs (1–3)-β-D-glucan
showed a nonlinear relationship, which was modelled by dividing the range of (1–3)-β-D-
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glucan into four nonoverlapping intervals, approximately equal to (1–3)-β-D-glucan quartiles.
On each interval, a third degree function of (1–3)-β-D-glucan was fitted to wheeze prevalence.
Fitted curves were smooth at the points of connection and were constrained to be linear in the
tails. This transformation is known as a restricted cubic spline (RCS) function. It allowed
parameter estimates to be obtained to estimate the effect of (1–3)-β-D-glucan on wheeze
outcomes over the inter-quartile range of (1–3)-β-D-glucan values.

Other analyses that were performed outside of the regression model included correlations
between (1–3)-β-D-glucan and endotoxin by levels of visible mold and analysis of variance
testing differences among means of log-transformed (1–3)-β-D-glucan levels in homes with
visible mold levels 0, 1 and 2. The latter analysis was followed by a test of linear trend between
increasing levels of (1–3)-β-D-glucan levels and visible mold. The analyses were performed
using S-PLUS software (Insightful Corp., Seattle, WA, USA, 2000).

Results
Exposure and subject characteristics

The descriptive statistics for (1–3)-β-D-glucan and endotoxin levels are presented in Table 1.
(1–3)-β-D-glucan levels in concentration units correlated significantly with those in loading
units (Spearman’s correlation: r = 0.69, P < 0.001). The correlation between endotoxin and
(1–3)-β-D-glucan was significant in loading units (r = 0.51, P < 0.001), and nonexistent in
concentration units (r = 0.08, P = 0.052). The analysis of variance of three categorical levels
of visible mold exposure (no, low and high) showed no significant overall differences for the
(1–3)-β-D-glucan exposure (respective geometric mean values for concentrations: 53.2, 57.4
and 49.7 μg/g, and for loadings: 17.2, 19.0 and 25.7 μg/m2; results not shown in table). The
test of linear trend between increasing levels of (1–3)-β-D-glucan and visible mold was not
significant either (both units).

Among the infants, 114 (19.9%) had recurrent wheezing (defined as two or more episodes in
the last 12 months) and 41 (7.1%) had recurrent wheezing combined with a SPT(+) to at least
one allergen (Table 2). There was a borderline significant difference between groups in the (1–
3)-β-D-glucan exposure (P = 0.08) and significant difference between the groups in visible
mold exposures (P < 0.01) regarding the recurrent wheeze outcome. Day-care attendance,
parents without asthma, African-American race, and no siblings were associated with lower
prevalence of recurrent wheeze and/or recurrent wheeze with allergen sensitization. As
expected, those who experience lower and/or upper respiratory condition, also tend to wheeze
more.

Infantile wheezing
We first investigated the association between the wheezing outcomes and (1–3)-β-D-glucan
exposure in concentration unit (μg/g) in quartiles (Table 3). Recurrent wheezing was
significantly less likely among infants with very high (1–3)-β-D-glucan exposure levels (>60
μg/g). In contrast, recurrent wheezing with or without allergen sensitization was positively
associated with (1–3)-β-D-glucan exposure in the first quartile. The recurrent wheezing
combined with allergen sensitization to any allergen was also significantly less likely in infants
exposed to high (1–3)-β-D-glucan concentrations (>60 μg/g). Similar trend was observed also
for recurrent wheezing combined with sensitization to aeroallergens only, but was not
statistically significant (data not shown). After stratification by sensitization group, the inverse
association between (1–3)-β-D-glucan exposure and recurrent wheeze with allergen
sensitization became stronger in the group of sensitized wheezers compared with sensitized
nonwheezers, than those compared with the nonsensitized nonwheezers (Table 3, last column).
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In addition, as smoking is associated to a number of other risk factors, some of which such as
diet were not evaluated in the study, a separate reporting of findings among smoking vs
nonsmoking mothers was performed. After analyzing the recurrent wheeze data separately for
infants whose mothers smoke (n = 83) and those whose mothers do not smoke (n = 491), the
same trends of decrease of occurrence with increase in (1–3)-β-D-glucan exposure was
observed. Because of the smaller sample size, however, the significance was lost, except for
the strength and significance of the inverse association for infants of smoking mothers, which
became greater (within third quartile, aOR = 0.41, 95% CI = 0.17–0.98; within fourth quartile,
aOR = 0.01, 95% CI = 0.00–0.45).

Data were also analysed using loading unit (μg/m2) for (1–3)-β-D-glucan exposure. Similar to
the data in concentration units, we observed an increase in wheezing outcomes when (1–3)-β-
D-glucan exposure levels were low (first and second interquartile range), and a decrease when
(1–3)-β-D-glucan exposure levels were high (>19 μg/m2) (third and fourth interquartile range).
These associations however, were mostly nonsignificant (data not reported). Only the inverse
association between recurrent wheezing combined with allergen sensitization and exposure to
high (1–3)-β-D-glucan loading was statistically significant (within the third quartile, aOR =
0.64, 95% CI = 0.42–0.97; within the fourth quartile, aOR = 0.05, 95% CI = 0.00–0.51).

Visually, the association between continuously measured log-transformed beta-glucan and
wheezing is presented in Fig. 1. A curvilinear relationship was found which was approximated
by fitting a RCS function to the wheezing data and the levels of (1–3)-β-D-glucan. Points where
contiguous curves meet are called knots. The spline functions that best fit the data had three
knots. The cubic spline function was modelled allowing for three turning points (knots) in the
curvilinear relationship between (1–3)-β-D-glucan and log(odds of wheeze). Knots were
located at the 5, 50 and 95% percentiles of (1–3)-β-D-glucan.

The visual presentation of data prompted us to perform an additional analysis of the odds of
wheeze when (1–3)-β-D-glucan was equal to the value at which the predicted value of wheeze
turns around (approximately the midpoint of the range: 60 μg/g, 19 μg/m2) compared with the
minimum value. The same analysis was also performed when (1–3)-β-D-glucan was equal to
the maximum value (900 μg/g, 2966 μg/m2) compared with the midpoint. As expected, the
logistic regression analyses showed increased odds for recurrent wheezing at (1–3)-β-D-glucan
levels below the turning point and decreased odds above the turning point (Fig. 1). Similar
trends were observed for recurrent wheeze with allergen sensitization (3–60 μg/g: aOR = 6.05,
95% CI = 0.84–43.79; 0.2–19 μg/m2: aOR = 9.23, 95% CI = 0.85–99.99; 60–900 μg/g: aOR
= 0.08, 95% CI = 0.01–0.59; 19–2966 μg/m2: aOR = 0.08, 95% CI = 0.01–0.97). Therefore,
the conclusions of inverse association between increase in (1–3)-β-D-glucan levels above the
midpoint and wheeze outcomes (Table 3) were confirmed.

Endotoxin showed no effect neither on recurrent wheezing nor allergen sensitization when
tested either on continuous scale or quartiles. Because of the scientific interest in endotoxin,
we report the data with endotoxin in the model (Table 3).

As literature suggests that (1–3)-β-D-glucan may be related to visible mold (40), we also ran
the models with no visible mold as a confounder, to check for over adjustment. We obtained
similar results as the trend of significant inverse association was preserved. However, the 95%
CI became wider. As in our study we did not find any correlation between (1–3)-β-D-glucan
and visible mold, and the role of (1–3)-β-D-glucan as a surrogate of mold exposure is uncertain
because of various other sources of the (1–3)-β-D-glucan, such as pollen and plants (41), we
are reporting the full models, including visible mold as a confounder.

Among the other covariates, high visible mold, mother’s smoking, parent’s asthma, Afro-
American race, siblings, as well as other lower and upper respiratory conditions were risk
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factors for both recurrent wheezing and recurrent wheezing combined with allergen
sensitization (Table 3).

Allergen sensitization
Among the infants, 169 (29.4%) were sensitized to at least one allergen (food and/or
aeroallergen), 25 were sensitized to food only and 79 to aeroallergens only (32). Exposure to
high (1–3)-β-D-glucan concentrations and loadings had borderline significant inverse
association with allergen sensitization assessed by SPT(+) to at least one aeroallergen and/or
food antigen (μg/g: within third quartile, aOR = 0.89, 95% CI = 0.74–1.06; within fourth
quartile, aOR = 0.57, 95% CI = 0.30–1.10) and (μg/m2: within third quartile, aOR = 0.90, 95%
CI = 0.76–1.06; within fourth quartile, aOR = 0.48, 95% CI = 0.18–1.26). We also tested for
interaction effect between (1–3)-β-D-glucan and endotoxin, and such was found in the outcome
including allergen sensitization to any allergens, but only in loading unit (P = 0.02). Thus, we
included the interaction effect in the SPT model when the exposure was in loading unit (within
third quartile, aOR = 1.33, 95% CI = 0.83–2.15; within fourth quartile, aOR = 152.62, 95% CI
= 6.57–3543.18). The latest result, however, may be due to the strong and significant correlation
between (1–3)-β-D-glucan and endotoxin in this unit, and thus whether the result is attributed
to (1–3)-β-D-glucan or endotoxin, or both, is unclear. None of the other covariates in the
multivariate analysis were significantly associated with SPT(+).

There were no significant associations between (1–3)-β-D-glucan and allergen sensitization
assessed by SPT(+) to aeroallergens only [(μg/g: within fourth quartile, aOR = 1.07, 95% CI
= 0.71–1.62) and (μg/m2: within fourth quartile, aOR = 1.21, 95% CI = 0.77–1.89)].

Discussion
This study demonstrated a significant inverse association between increasing exposure to high
(1–3)-β-D-glucan concentrations (>60 μg/g) and recurrent wheezing (aOR = 0.39) in high-risk
infants. Even stronger association was found for recurrent wheezing combined with allergen
sensitization (aOR = 0.18). Although others have reported a weak inverse relationship with
(1–3)-β-D-βD-glucan and atopic wheeze in children aged 1–4 and 5–15 years (3,30), this is
the first study to demonstrate a statistically significant relationship between high (1–3)-β-D-
glucan exposure and reduced wheezing in infants.

We did not find significant differences in (1–3)-β-D-glucan concentrations or loadings between
the homes in three visible mold categories although increasing trend was seen in (1–3)-β-D-
glucan loadings. This finding is in line with the findings of Gehring et al. (40) who only found
difference in (1–3)-β-D-glucan loading, and not in concentration, between homes in two visible
mold categories. This indicates that the variance in levels per square metre was largely
determined by the amount of dust sampled. Thus after transformation from concentration to
loading unit, there was a decrease in the between samples variation.

Previous studies show that (1–3)-β-D-glucan concentrations do not consistently correlate with
total culturable mold spore counts (40,42,43), and more likely reflect exposure from multiple
environmental sources of (1–3)-β-D-glucan, including mold, pollen, plants and their fragments
(41,44). Furthermore, (1–3)-β-D-glucan content varies between mold species (44), and this
may lead to variance of health outcomes by fungal genera (28). For example, in this cohort,
we have also found inverse association between the concentration of airborne Cladosporium
and SPT(+) to any allergen (P < 0.05), and Cladosporium and SPT(+) to aeroallergens (P <
0.05), but positive associations between Penicillium/Aspergillus and SPT(+) to any allergen
(P < 0.01) and between Alternaria and SPT(+) to any allergen (P < 0.01) (28). Molds contain
(1–3)-β-D-glucan but also number of other agents such as sugars and enzymes. Apart from the
fungi themselves mold growth is often associated with growth of other microbes. Thus, no
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conclusions concerning causal relationships between (1–3)-β-D-glucan and mold can be made.
However, it seems (1–3)-β-D-glucan may be an independent measure of biologically active
exposure. This may explain why visible mold exposure, unlike (1–3)-β-D-glucan, was a risk
factor for recurrent wheezing in this cohort [as reported in detail by Cho et al. (33)].

Our study demonstrated that low levels of (1–3)-β-D-glucan exposure are associated with
increase in the prevalence of recurrent wheeze, while the opposite was observed for the
exposure to high levels of (1–3)-β-D-glucan. Similar trend was also found for the health
outcome including wheeze combined with allergen sensitization. Children are a special group
of interest as their immune system is evolving and thus may be more susceptible to
environmental exposure factors (24). In fact, research has shown (45) that the effective priming
of aeroallergen-specific memory T-cells is initiated during infancy and is consolidated by the
end of preschool years in relation to the Th1–Th2 balance. An interesting observation that Th2
(allergic) priming is preferentially favoured by low-dose antigen exposure, whereas higher
doses favor Th1 priming, was made by Constant et al. and Rogers et al. (46,47). Moreover,
epidemiological studies on exposure to indoor allergens have revealed a biphasic pattern in
which sensitization risk increases with exposure levels until a plateau is reached, above which
risk decreases with further increase in exposure (48–50). This same pattern was demonstrated
in our study.

To date, knowledge on health effects of (1–3)-β-D-glucan in children is limited. Rylander et
al. (29) reported that both nonatopic and atopic wheezing in school children (age 6–13 years)
were positively correlated with airborne (1–3)-β-D-glucan concentrations, analysed by the
LAL assay. Douwes et al. (36) also showed that increased levels of dustborne (1–3)-β-D-glucan
were positively related to variability in peak expiratory flow in nonatopic and atopic children
7–11 years of age. In contrast, Schram-Bijkerk et al. (3) and Douwes et al. (30) reported that
dustborne (1–3)-β-D-glucan concentrations were inversely associated with atopic wheeze in 5
to13- years-old children and both asthma and persistent wheeze in 1 to 4-years-old children.
All these studies, similarly to ours, showed that the health outcome was more significantly
associated with exposure in the subgroup of atopic children. Interestingly, in the latter two
studies (3,30) inclusion of both (1–3)-β-D-glucan and endotoxin in the models lead to loss of
significance of either the effect of endotoxin (3) or (1–3)-β-D-glucan (30). In addition, these
studies reported a strong and significant correlation between endotoxin and (1–3)-β-D-glucan
(3,30), thus it is uncertain whether the observed effects were driven by endotoxin, (1–3)-β-D-
glucan or both. The lack of correlation between (1–3)-β-D-glucan and endotoxin
concentrations in our database strengthens the finding that the effect seen for (1–3)-β-D-glucan
exposure is not confounded by the endotoxin exposure.

In this cohort, we have also found an inverse association between the concentration of airborne
Cladosporium and allergen sensitization (28). Indeed this data is somewhat consistent with the
hygiene hypothesis, which postulates that exposure to microbial products (such as endotoxin)
early in life favours modification of Th2 directed immune responses (25). Studies on exposure
to high endotoxin and increased or decreased frequency of wheezing during infancy have
shown conflicting results (25,26,51). Possible explanation for this controversy may be that
these studies did not concomitantly assess indoor (1–3)-β-D-glucan levels. However, several
studies have revealed a strong adjuvant activity of (1–3)-β-D-glucan on the systemic allergic
immune response in animal models (9,10,52). Therefore, it must be emphasized that the
immunologic impact of (1–3)-β-D-glucan exposure on Th2 directed atopic disorders remains
uncertain and requires further investigation.

The above findings were further supported by the inverse trend between (1–3)-β-D-glucan
exposure and allergen sensitization. This and the stronger inverse association between (1–3)-
β-D-glucan and wheezing in allergen sensitized infants compared with wheezing in all infants,
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even stronger after stratification by sensitization, suggests that (1–3)-β-D-glucan could modify
allergic respiratory responses in infants. It must be emphasized that it is uncertain if this early
observed effect will impact the risk of later development of childhood asthma among this cohort
of sensitized infants with recurrent wheezing as health outcomes associated with (1–3)-β-D-
glucan exposure determined in this infant population may be transient.

Previous studies have shown stronger association between dust (1–3)-β-D-glucan exposures
and the health outcome in loading units than in concentration units (36), or no association at
all in the concentration unit (30). We found similar trends between the health outcomes and
(1–3)-β-D-glucan exposures in the two units, but the associations were stronger for the
concentration unit. These differences may be due to the different health outcome or different
(1–3)-β-D-glucan analysis methods used: Douwes et al. (30,36) analysed (1–3)-β-D-glucan
content by the EIA, while we used the LAL.

We collected dust samples only from the baby’s primary activity room because the main living
room allergen levels for dust allergens have shown to be higher than that in the bedding in the
infants’ homes (52). Furthermore, despite the fact that infants spend most of their time in bed,
a recent European study (30) has shown association only between living area exposure and
asthma in 4-years-old children, but none with mattress exposure. This was attributed to low
allergen levels in infants’ mattresses as they were newly purchased (use of <3 months). In
addition, the collection of dust by trained technicians using a standardized protocol and the
same model of vacuum cleaner is strength of the present study as it decreases the collection
bias. Further, home exposure assessment was conducted almost concurrently with health
outcome assessment.

A potential limitation of the study generalizability is that the cohort consists only of infants
born to atopic parents. However, the Third National Health and Nutrition Examination Survey
(NHANES III [53]), 1988–94, designed to obtain nationally representative information on the
health of the population of the United States, showed that 54.3% of the US population was
sensitized to one or more allergens. This finding suggests that the results observed in the current
study can be widely generalized to over 50% of the US population. Research has shown that
exposure to maternal smoking and aeroallergens (54) impact the development of allergen
sensitization as early as in pregnancy. Thus, the absence of antenatal exposure data may be
another study limitation. In addition, the low number of recurrent wheezers with SPT(+) also
limits the power of the study. Unfortunately, as the CCAAPS study did not initially include
the analysis for (1–3)-β-D-glucan, we were able to analyse only samples with sufficient dust
amount left after analyses for all other allergens were completed. Although this introduces a
selection bias, and may limit the generalizability of the results, we were still able to analyse
76% of the samples. In addition, the amount of dust and wheeze outcomes did not correlate
(P = 0.32). Therefore, we do not expect dust amount to bias the results.

In conclusion, we found that the concentration of (1–3)-β-D-glucan is a measure of biological
exposure that is independent from observed visible mold. A significant inverse biphasic
association, a model of a hormesis doseresponse relationship, was found between high (1–3)-
β-D-glucan levels and recurrent wheezing. This association was even stronger in a subgroup
of allergen-sensitized infants. It seems that exposure to high (1–3)-β-D-glucan levels (>60
μg/g, >19 μg/m2) may be conducive to reduced wheezing in infants at high risk for developing
asthma (as those born to atopic parents). Long-term follow up of this cohort will help determine
how early (1–3)-β-D-glucan exposure affects the development of phenotypes such as atopy,
allergic rhinitis and asthma in later childhood.
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Figure 1.
Smoothed plot of the adjusted prevalence rates of recurrent wheezing in relation to the log-
transformed (1–3)-β-D-glucan concentration (solid lines). Dotted lines represent ± 1 standard
error (SE).
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Table 1
Geometric mean (GM), geometric standard deviation (GSD) and inter-quartile (IQ) range of (1–3)-β-D-glucan
and endotoxin concentration (μg/g, EU/mg) and loading (μg/m2, EU/m2), measured in homes of 574 infants

n = 574 GM GSD IQ*

(1–3)-β-D-glucan
 μg/g 55.1 3.7 21.9–133.5
 μg/m2 18.4 5.7 5.9–57.9
Endotoxin
 EU/mg 70.7 3.4 39.2–171.0
 EU/m2 23.7 5.6 9.4–74.5

EU, endotoxin units.

*
Interquartile range = 25th percentile to 75th percentile.
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Table 3
Adjusted odds ratios (aOR) and 95% confidence intervals (95% CI) for recurrent wheeze and recurrent wheeze
with allergen sensitization in relation to upper vs lower endpoints of continuously measured (1–3)-β-D-glucan
quartiles (μg/g) (reference category is the value of the lower endpoint of each quartile)

Recurrent wheeze*,
aOR (95% CI)

Recurrent wheeze with
SPT(+) vs no wheeze, SPT

(−)†, aOR (95% CI)

Recurrent wheeze with
SPT(+) vs no wheeze, SPT

(+)‡, aOR (95% CI)

(1–3)-β-D-glucan quartile endpoints (μg/g)
 I. 3–22 3.04 (1.25–7.38) 4.89 (1.02–23.57) 160.51 (4.85–5311.00)
 II. 23–60 1.29 (0.99–1.67) 1.23 (0.79–1.92) 2.54 (0.97–6.62)
 III. 61–133 0.82 (0.65–1.05) 0.59 (0.38–0.92) 0.17 (0.05–0.57)
 IV. 134–900 0.39 (0.16–0.93) 0.13 (0.03–0.61) 0.00 (0.00–0.07)
Endotoxin interquartile endpoints (39.19–
171.17 EU/g)

0.99 (0.71–1.37) 1.17 (0.69–1.98) 1.60 (0.58–4.41)

Visible mold (low vs none) 1.18 (0.73–1.91) 1.29 (0.57–2.90) 2.64 (0.89–7.86)
Visible mold (high vs none) 4.44 (1.63–12.05) 9.51 (2.34–38.63) 42.47 (4.70–384.14)
Mother’s smoking (≥20 vs 0 cigarettes/day) 5.16 (2.33–11.44) 10.17 (2.58–40.09) 10.17 (2.58–40.09)
Parental asthma 1.87 (1.17–3.00) 2.22 (1.05–4.71) 2.09 (0.76–5.77)
Race (Afro-American vs other) 2.08 (1.15–3.73) 3.93 (1.57–9.84) 10.04 (2.45–41.14)
Siblings (1 vs 0) 1.38 (0.77–2.47) 1.84 (0.66–5.09) 8.87 (1.85–42.51)
Siblings (≥2 vs 0) 1.96 (1.08–3.57) 2.46 (0.87–6.93) 7.83 (1.60–38.38)
Lower respiratory condition§ 3.98 (2.47–6.41) 4.63 (2.05–10.46) 9.93 (3.06–32.16)
Upper respiratory condition¶ 2.15 (1.26–3.67) 2.75 (1.08–7.04) 4.47 (1.24–16.07)

*
Recurrent wheeze = 2 or more wheezing episodes in the last 12 months (n = 114). Infants that had one or no wheezing episodes in the last 12 months

were used as the comparison group (n = 460).

†
Recurrent wheeze with allergen sensitization = two or more wheezing episodes in the last 12 months and SPT(+) (n = 41). Infants that had one or no

wheezing episodes in the last 12 months and were SPT(−) were used as the comparison group (n = 332).

‡
Recurrent wheeze with allergen sensitization = two or more wheezing episodes in the last 12 months and SPT(+) (n = 41). Infants that had one or no

wheezing episodes in the last 12 months and were SPT(+) were used as the comparison group (n = 128).

§
Lower respiratory condition includes any of the following: whooping cough, croup, viral infections, bronchitis/bronchiolitis, flu, pneumonia.

¶
Upper respiratory condition includes any of the following: cold, ear infection, sinus infection, strep throat (positive culture), tonsillitis, colored drainage.

Text in bold indicates statistical significance.
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