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Respiratory Toxicity of Mattress Emissions in Mice.
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THE RECENT INCREASED prevalence of childhood asthma[1] has prompted further investigation of environmental
factors that might cause or exacerbate asthmatic symptoms. The roles of mold, cockroach, and dust-mite antigens have
been further delineated.[1] The results of epidemiological studies have shown that use of latex paint,[2] limonene-
scented products,[3] and wall-to-wall carpeting[3] are also associated with asthma-related symptoms. Our laboratory
has reported airflow decreases in mice exposed to air fresheners,[4] colognes,[5] vinyl mattress covers,[6] and fabric
softeners.[7] In the current study, we evaluated respiratory-tract irritation and airflow decreases caused by volatile
chemicals emitted by four types of children's mattresses.

Materials and Method

Samples. Three brands of crib-sized matiresses (i.e., 0.7 m x 1.3 m) and a diaper-changing pad were purchased in local
stores. Brand A was polyurethane foam covered with vinyl. Brand B was 20% polyurethane foam enclosed in a vinyl
cover, and it also contained springs and fibrous material. Brand C was a 100% polyurethane foam pad with a vinyl
cover designed for use as a diaper-changing pad, but otherwise it was similar to brand A in appearance. Brand D was a
traditional mattress with metal springs, fibers, and cotton padding. Brand E was a sample of organic cotton used in
mattress construction. Portions of brands A, B, C, or E (i.e.,, .15 m x .15 m) were placed in an all-glass, .25-m x .30-m
X .50-m 40-1 chamber, which was sealed, warmed to 37 [degrees] C, and allowed to equilibrate for 1 hr before use. For
brand D, we used a .25-m x .50-m portion of the mattress. Temperatures in the sample chamber and in the animal
chamber were monitored by a Cole-Parmer thermistor model 8402-00.

Animals. Male Swiss-Webster mice were obtained from Taconic Farms in Germantown, New York, and were housed
in polypropylene cages in accordance with published guidelines.[8] The mice were exposed during a 1-wk holding
period to a 12-hr light-dark cycle, and their weights following this protocol ranged between 25 g and 28 g. Cage
bedding was corncob chips. Purina lab chow and bottled water were available, except during exposures. Extensive
reports of source colony animal health were provided regularly by the animal supplier. No signs of infection were
detected in mice in our quarantine room. Histological evaluation of lungs from our colony mice showed no evidence of
infection with bacteria, viruses, or parasites.

Animal exposures. Each experiment involved two exposures of the mice to mattress emissions during a 24-hr period.
During each test, we positioned 4 mice in the glass exposure chamber, as described in ASTM-E-981[9] and later
modified by Vijayaraghavan et al.[10] The head of each mouse extended into the central exposure area, with the body
in a side arm that served as a whole-body plethysmograph. During the 15-min baseline and 15-min recovery periods,
the animal exposure chamber was ventilated continuously with charcoal-filtered air. During the 60-min exposure,
animals breathed mattress emissions carried by charcoal-filtered air, which flowed at 6 I/min. The temperature in the
animal-exposure chamber was between 22 [degrees] C and 24 [degrees] C. The system was open (i.e., dynamic);
charcoal-filtered air was passed at a measured rate through the sample chamber to the animal-exposure chamber and
was subsequently exhausted from the building. Between the two exposures, we returned the mice to their cages, which
housed both food and water.

Bioassay ASTM-E-981. ASTM-E-981 is a standardized method for measuring biological effects of airborne irritant
chemicals.[9] Alarie et al.[10-12] described a modification of this method, which allowed for more quantitative
measurements and computerized diagnosis of the frequency and severity of sensory irritation (SI), pulmonary irritation
(PI), and airflow limitation (AFL). This newer technique involves use of a pneumotachograph, which measures flow of
air continuously on each breath. Digital computer programs, which integrate flow rates, calculate volume changes on
each portion of each respiratory cycle of each mouse. We diagnosed SI, PI, and AFL by comparing statistically each
breath to the 3,500 breaths measured during the baseline period for each mouse before each experiment occurred.
Diagnoses of SI or PI required respiratory pattern changes (i.e., a break after inspiration [TB]} or a pause after
expiration [TP], respectively) that exceeded 2.0 times the standard deviation (SD) of the mean for that mouse during
the baseline period for that experiment. We diagnosed AFL when the expiratory airflow rate at 50% expiration (VD)



fell 1.5 standard deviations below the mean for that animal's baseline expiratory flow rates. During each experimental
hour, approximately 60,000 breaths were analyzed and assigned diagnoses. The computer programs allowed us to
filter and/or smooth the data, using a maximum likelihood method.[12]

Statistics and graphics. The program described by Boylstein et al.[12] performs the basic analysis of respiratory
patterns and assigns diagnoses when statistical criteria are achieved. We used SigmaPlot, version 3 (Jandel
Corporation [San Raphael, California]) to graph the data and to perform additional statistical tests (unpaired t tests).

Chemical analysis of the test atmosphere. We determined total volatile organic chemicals (TVOCs) from the gas
mixture in the sample chamber at the end of each experiment, using flame-ionization detection (Beckman Industrial
400A) with 100-ppm methane as the calibration gas. The emission mixture from one of the mattresses was absorbed
into a Carbotrap 300 tube and was submitted for chemical analysis for VOCs by gas chromatography/mass
spectrometry (GC/MS) techniques at Citizens Environmental Laboratory (Cambridge, Massachusetts). The chemical
moieties were-identified by computer matching of the GC/MS peak characteristics against those for a library of known
compounds, The results were qualitative (recovery percentages unknown). Carbon dioxide {([CO.sub.2]) concentrations
in the test atmospheres were measured with a Horiba (Mexa 311GE) carbon monoxide-carbon dioxide (CO-
[CO.sub.2]) analyzer.

Results

Test atmospheres. The TVOCs in the charcoal-filtered air were 10 or less. Brands A through D generated TVOC
values between 270 and 830 ppm methane equivalents (Table 1); brand E, however, generated only 130 ppm. These
values were fairly stable; for example, the TVOC values for brand A decreased slowly, from 380 to 300 ppm, during a
100-min ventilation of the sample-holding chamber with charcoal-filtered air at 6 1/min.

Table 1.--Overall Responses of Mice Exposed to Varions Mattress Emissions
Percentage of breaths

TVOC

Exposure n {ppm) SI SEM PI
Sham 24 < 10 6 1 5
Brand A 28 220 39(*) 5 23 (*)
Brand B 32 830 26 (*) 9 19 (*)
Brand C 20 270 13 (*) 4 17(*)
Brand D 12 720 57(*} 12 23 (*)
Brand E 11 130 14 7 3

Percentage of breaths

Exposure SEM AFL SEM
Sham 1 5 1
Brand A 5 26 (%) 5
Brand B 9 14 (*) 7
Brand C 5 14 5
Brand D 8 11 (*) 7
Brand E 1 1 1

Notes: Brands A through E refer to the five types of matiresses to which the mice were exposed. Brand A was
polyurethane foam with a vinyl cover; brand B was 20% polyurethane foam enclosed in a vinyl cover, the rest being
springs and fibrous material; brand C was a 100% polyurethane foam pad with a vinyl cover; brand D was a traditional
mattress with metal springs, fibers, and cotton padding; and brand E was a sample organic cotton used in mattress
construction.

TVOC = total volatile organic chemicals,
SI = sensory irritation,
PI = pulmonary irritation,

AFL = airflow limitation, and



SEM = standard error of the mean.
(*) Statistically significant from sham at p ([is less than or equal to]) .05.

Sham experiments. In 6 sham experiments, 24 mice received exposures to charcoal-filtered air. In a typical sham
experiment the average values for TB, TP, VD, tidal volume (TV), and respiratory rate (RR) remained within 10% of
their baseline values over a 1-hr period (Fig. 1). In these sham experiments, a small percentage (i.e., generally less than
5%) of the breaths were diagnosed as abnormal because spontaneous variations in the measured parameters existed.

[Figure | ILLUSTRATION OMITTED]

Overview of mattress experiments. In 26 experiments, 104 mice were exposed twice to the emissions of one of the five
brands of crib mattresses. In each of these 26 experiments, we observed SI, PI, and/or AFL in differing proportions,
Effects were generally more profound during the second exposure; therefore, all data refer to the second-exposure
results.

The peak effects observed are listed in Table 1. At its peak effect, brand A caused SI in 39% of the breaths of the 28
mice exposed to these emissions. Brand A also caused PI in 23% of the breaths and AFL in 26% of the breaths. Brands
B and C were somewhat less potent for all endpoints, whereas brand D was more potent as a sensory irritant (SI peak
effect = 57% of breaths) but was less potent (11%) in the causation of AFL. The organic cotton padding (brand E)
produced only mild SI (Table 1).

IMlustrative experiment with brand A mattress. One of the 7 experiments, with emissions from the brand A mattress, is
shown in Figure 2. Immediately after introduction of the emissions at 15 min, TB exceeded 150% of the baseline
value, and VD fell to 82% of the baseline average. The TP gradually rose to 120% of baseline average. The RR
dropped 18% and accompanied the rise in TB. The TB effect showed an adaptation phenomenon and returned partially
back toward baseline.

[Figure 2 TLLUSTRATION OMITTED]

In the 7 experiments with brand A, the peak TB elevations averaged 217% of baseline (SD = 17%), with a maximum
value at 570% of baseline. The peak TP elevations averaged 170% (SD = 6%) of baseline values, with a maximum of
280% of baseline value. The average VD decreased by 30% (SD = 3%); the maximum VD decrease achieved in any
mouse was 60%, which resulted in an expiratory airflow velocity at 40% of its baseline value. A statistical analysis of
this experiment is shown in Figure 3. The ST and AFL diagnoses were frequent (i.e., involving approximately one-third
of breaths) between 20 min and 60 min; the PI diagnoses waxed and waned and became most frequent after removal of
the test atmosphere.

[Figure 3 [LLUSTRATION OMITTED]

Hlustrative experiment with brand B mattress. The statistical analysis of an analogous experiment with the brand B
mattress is shown in Figure 4. The SI diagnoses increased during the duration of exposure, and PI and AFL developed
relatively late in the experiment. In the series of experiments with brand B, the maximum TB elevation observed was
500% of baseline, whereas the average peak elevation of TB was 240% (SD = 20%). The largest TP elevation was
260% of baseline, and the maximum VD decrease was 83%, thus resulting in an expiratory airflow velocity at 17% of
baseline value.

[Figure 4 ILLUSTRATION OMITTED]

Illustrative experiment with brand C mattress. In response to emissions from brand C, SI, PI, and AFL developed over
the course of the exposure and peaked late in the experiment (Fig. 5). In this series, the largest TB and TP seen were
360% and 240%, respectively, of baseline; the maximum VD decrease was 61%, which corresponded to a mid-
expiratory airflow velocity at 39% of baseline rate.

[Figure 5 ILLUSTRATION OMITTED]



Iilustrative experiment with brand E mattress. The emissions of organic cotton padding caused an immediate 10%
increase in respiratory frequency and TV, and was accompanied by an increase in the mid-expiratory airflow velocity
to 165% of baseline (Fig. 6). In this experiment, TB and TP decreased slightly, and very little SI, PI, or AFL was
recorded. The concentration of [CO.sub.2] in the test atmosphere was between 300 and 400 ppm (i.e., not different
from ambient air).

[Figure 6 ILLUSTRATION OMITTED]

Chemical composition of emissions. Approximately one-half of the volatile chemicals emitted by brand A were
identified with at least 85% certainty (Table 2). Inasmuch as isomers are frequently difficult to differentiate with
GC/MS, some of these emissions may have been isomers of the chemicals indicated.

Table 2.--Chemical Composition(*) of Emissions of Brand A Mattress

Chemical Chemical

Styrene Dipentene
Isopropylbenzene 1,2,4-trimethylbenzene
Limonene Nitrobenzene
Ethylbenzene [Betal -Ocimene

1, 3-p-menthadiene 1-methyl-2-ethylbenzene

1,3-dichlorcbenzene
(*) Only compounds identifted with 85% or better confidence are listed.

Discussion

The results of this study demonstrated that some crib mattresses emitted mixtures of chemicals capable of causing
respiratory-tract irritation and generating combinations of SI, P1, and AFL.

Mechanism of effects. Our working hypothesis was that the results were caused by the combined action of several
volatile chemicals in the emission mixtures. Despite 30 y of experience with ASTM-E-981 testing, there is no evidence
that SI is caused by anything other than stimulation of the trigeminal nerve endings via airborne chemicals that
encounter the eyes, face, and nasal passages (Y. Alarie, personal communication, 1998). Similarly, there is no
evidence that PI results from anything other than stimulation of the vagus nerve endings by airborne chemicals that
encounter the lower airways. We do not know the precise mechanism of the AFL response; perhaps it results from
nasal passage edema, tracheal narrowing, or lower airways bronchospasm or inflammation. Whatever the mechanism,
the AFL responses we observed were most likely also caused by airborne chemicals.

These results were obtained with two brief exposures over a 24-hr period; therefore, we believe the results were direct
effects, rather than allergic phenomena. We have not investigated why the results were generally more profound in the
second exposure. Perhaps there was an accumulation of the active chemicals at active sites, but a change in the
sensitivity of the animals cannot be ruled out with the current data. ‘

Chemicals. The chemicals in the test atmospheres were primarily solvents and other chemicals involved in the
manufacture of the mattress and cover. Several of these chemicals have toxic properties. Styrene is toxic to lung, liver,
and brain.[13,14] Isopropylbenzene[15] and limonene[l6] are respiratory-tract irritants. Trimethylbenzene is
carcinogenic and neurotoxic.[17] Nitrobenzene causes testicular degeneration and methemoglobinemia.[18]
Ethylbenzene is toxic to liver, kidney, and brain.[19] Dichlorobenzene is carcinogenic.[20] About one-half of the
peaks in the GC/MS analysis were not identified and might have contained other respiratory-tract irritants. We did not
identify toluene di-isocyanate[21] or flame retardants among the volatile emissions. We investigated only new
mattresses and did not determine the time course of dissipation of these emissions.

The emissions of brand E consistently elevated the RR, TV, and VD; we do no know what chemical caused these
effects. Respiratory stimulation can occur with extremely high concentrations of benzene and toluene,[22] but in our
study, these high concentrations were not approached. Carbon dioxide can increase RR and TV in mice, but
[CO.sub.2] concentration in the test atmosphere was not elevated. Very few airborne chemicals stimulate RR and TV
simultaneously in mice (Y. Alarie, personal communication, 1998).



Extrapolation to humans. Investigators can directly extrapolate data concerning SI in mice to predict human experience
for more than 80 pure gases.[23] When humans develop SI, they feel burning or soreness in their eyes or faces; the
human equivalent of PI is a feeling of difficult breathing.[24] It is not yet known to what extent one can extrapolate
data concerning AFL from mice to humans, because this technique for measuring AFL in mice is relatively new.[10]
Mice and humans share much anatomy, biochemistry, physiology, and pharmacology, but there are some major
differences. Mice breathe four times per second, have stronger expression of their SI and PI reflexes than
humans,[24,25] and have few respiratory bronchioles.[26] Nonetheless, both mice and humans can develop AFL after
exposure to cholinergic agents, such as methacholine and carbamyi choline.[12]

Toxicology testing is based on the assumption that if a chemical has a definite effect in a laboratory animal, it will
likely have a related (not necessarily identical) effect in man. Investigators can use the mouse test, which is an efficient
way to screen consumer items, to determine which ones emit mixtures with potential human toxicity.[27] There should
be few false-positive results because mice are less sensitive than humans to many chemicals tested.[28]

Relation of experimental concentrations to human exposures. In our study, we identified TVOC values that ranged
from 130 to 720 ppm methane equivalents. We do not know the TVOC of the air immediately above a crib mattress. It
is very difficult to compare two 1-hr exposures of normal mice with repeated 8-hr breathing of these mixfures by
young children. Some children sleep in small rooms with multiple sources of air pollutants and minimal fresh air
intake. Asthmatic children have airway hyperresponsiveness to airborne irritants[29]; therefore, extrapolations or risk
assessments must not be based on assumptions of "average sensitivity." Laboratory results demonstrate a potential for
toxicity, which may or may not exist in the "real world."

Conclusions

Some commercial matiresses emit mixtures of chemicals that can cause acute toxic effects on the mammalian
respiratory system, including upper airways irritation, lower airways irritation, and decreases in mid-expiratory airflow
velocity. Several of the chemicals identified are known respiratory tract irritants. Epidemiological studies are needed
for the evaluation of whether chemical emissions of mattresses are important in causing or exacerbating childhood
asthma,
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