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The statements and conclusions in this report are those of the
contractor and not necessarily those of the California Air Resources
Board. The mention of commercial products, their s
connection with material reported herein is not to be construed as either
an actual or implied endorsement of such products.
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The organic ion, hydroxymethanesulfonate (HMSA), has been
measured recently in micromolar concentrations in acid fogs in southern
California (1). HMSA is formed in the atmosphere by the combination of
bisuifite (HSO3") with formaldehyde (CH20). Formation of HMSA explains
observed excesses of sulfur in the S(IV) state (4+ oxidation state) and
formaldehyde in fogs and clouds (1). HMSA may represent an important
source of acidity for water droplets and also may play a role in the

transformation and long-distance transport of sulfur dioxide (SO2).

While hydroxymethanesulfonic acid may cause bronchoconstriction

i i S NS P ol
arsons with asthma in the same mannsr as the inorganic acias

in p
previously studied in our laboratory, (i.e., bronchoconstriction induced by
sulfuric, nitric, and hydrochloric acid aeroscls appears to be chiefly a
function of titratable acidity (2)), this organic acid deserves spacific
consideration because it is formed from HMSA. HMSA is a stable adduct in
highly acidic solutions, but it is likely to dissociate into HSO3- and CH20
at pH 6.6, the approximate pH of the airway lumen (1). Under the
conditions present in the airways, the HSOg3- generated from HMSA
dissociation will be in equilibrium with SO2 (3). SO2 is a potent
bronchoconstrictor (4). Although CH20 is not as potent when inhaled as a
gas (5), its lack of bronchoconstrictor effect may be due in part to uptake
in the upper airways (6). By delivering SO2 and CH20 directly to the
airway mucosa, an aerosol containing HMSA might bypass the normal
scrubbing mechanisms of the upper airways and thereby be an effective
stimulus to bronchoconstriction. If HMSA is a more potent

bronchoconstricting agent than the inorganic acids we have studied
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contract was to evaluate the bronchoconstrictor potency of HMSA in
subjects with asthma. Because of the lack of precedent for exposing
human subjects to HMSA, the initial study invoived inhalation during rest
of sequentially increasing concentrations for short durations via a
mouthpiece system. After no significant bronchoconstrictor effect of
HMSA was demonstrated under the conditions of this pilot study, we then
performed an experiment in an exposure chamber in which freely breathing
and intermittently exercising subjects inhaled simulated hypoosmolar
fogs containing HMSA (at a concentration higher than what has been

measured in the atmosphere) for 1 hour.
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METHOLS

The subjects were 19 non-smoking volunteers who were informed of
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the experimental protocol and signed written consent forms
approved by the Committee on Human Research of the the University of
California, San Francisco. All subjects had asthma as defined by a history
of recurrent episodes of wheezing, chest tightness and reversible airway
obstruction previously documented by a physician. All of the subjects -
completed the protocol. Ail subjects received financial compensation for
their participation. No subject took theophylline preparations or inhaled
beta adrenergic agonists within 24 hours or consumed caffeine-containing
beverages or food within 4 hours of the experiment. No subject took oral
corticosteroids within the study period. All subjects denied a history of
an upper respiratory infection within 6 weeks prior to the study. Subject
characteristics are listed in Table 1. Predicted values for the spirometric

parameters described are those of Knudson and co-workers (8).

The subjects were divided into 2 groups. The first group, consisting
of 9 subjects, was enrolled in the pilot study. On the initial study day,
baseline spirometry (No. 822, Ohio Medical Products, Madison, WI) was
performed and methacholine responsiveness was tested by measuring
specific airway resistance (SRaw) before and after inhalation of 10 FRC
(functional residual capacity)-to-TLC (total lung capacity) breaths of and
doubling concentrations of methacholine (0.063, 0.125, 0.25, 0.50, 1.0, and
2.0) in phosphate buffered saline delivered by a Devilbiss nebulizer (No.
646, Devilbiss Co., Somerset, PA) with a dose-metering device calibrated
to deliver 0.01 ml/breath. The concentration of methacholine that

produced a 100% increase in SRaw from the post-saline SRaw baseline



was caicuiated by iog2-linear interpoiation. Only subjects who developed
> 100% increase in SRaw (n=9) continued in the study. On 2 subsequent
days, subjects were exposed repetitively to 5 aerosols of either 50 uM

r 56 uM H2S04 to which 1 of 5 sequentiaiiy
increasing concentrations of HMSA (0, 30, 100, 300, and 1000 puM) had
been added. Subjects inhaled each aerosol for 3 minutes through a
mouthpiece during tidal breathing at rest. The 2 exposure days were
randomly ordered and the aerosol challenges were performed in a single-
blind fashion at the same time of day. Subjects were not exposed to
asrosol on days when their baseline SRaws were < 50% or > 150% of their
usual baseline values. To assess airway responses of the subjects to the
inhaled aerosols, airway resistance (Raw) and thoracic gas volume (Vig)
were measured in a constant volume body plethysmograph (No. 09103,
Warren E. Collins, Braintree, MA) and expressed as the product of Raw and
Vig, SRaw. Five measurements of SRaw, 1 every 30 seconds, were made
before and starting 1 minute after each aerosol challenge. Coughs were
counted throughout the experiment by an observer and recorded on a small
tape recorder. Throat, respiratory, and nonrespiratory symptoms were
assessed by means of a post-exposure questionnaire with an 11-point
rating scale (O=least, 10=most) for each of 9 symptoms (throat irritation,
chest pain, chest tightness, dyspnea, cough, sputum production, wheezing,

back pain, and headache).

Aerosols for the mouthpiece study were generated by an ultrasonic
nebulizer (Mistogen EN 145, Timeter Instrument Corp., Lancaster, PA). The
solutions used to generate aerosols were adjusted to pH 4.0 by the
addition of small amounts of 0.01M H2SO4 cor 0.01M sodium hydroxide. The

osmolarity of these solutions was adjusted to 300 mOsm, the osmolarity
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of body fluids. Liquid water content (LWC) was measured by collecting
droplets on a 47 mm membrafil filter (Nuclepore Inc., Pleasanton, CA) by
sampling air at 1 L/minute utilizing a vacuum pump. Mass median
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(MMAD) was measured with a cascade impactor (in-
tox Products, Albuquerque, NM). Temperatures were ambient and were
measured every minute at the mouthpiece. The pH was measured with a pH

meter (Model 43, Beckman Instruments, Inc., Irvine, CA).

The second group, consisting of 10 subjects, was enrolled in the
chamber study. On the initial study day, baseline spirometry was
performed and methacholine responsiveness was tested as described
above for the mouthpiece study. Only subjects who developed 2 100% '
increased in SRaw (n=10) continued in the study. On 2 subsequent days,
subjects were exposed to simulated fogs containing either imM HMSA in
5mM H2S04 or 5mM H2S04 alone. Only subjects (n=3) who developed a
substantial (i.e., 2 50%) increase in SRaw after exposure to either acid fog
were exposed to a neutral fog as an added control measure. The fog
challenges were randomly ordered and were performed in a single-blind
fashion at the same time of the day. The subjects were exposed to the
fogs in an 8' x 8' x 8 stainless steel and glass exposure chamber (Vista
Scientific, Ivyland PA). The exposure period lasted 1 hour, with alternate
15-minute periods of rest and exercise, in that order. Exercise was
performed on a constant-load cycle ergometer (No. 18070, Gould Godart,
Bilthoven, the Netherlands) at a workicad of 100 watts. Subjects were
not exposed to fog on days when their baseline SRaws were < 50% or >
150% of their usuai baseline values. In order to reduce neutralization of
inhaled aerosol by oral ammonia, the subjects brushed their teeth and

gargled with antiseptic mouthwash prior to each challenge. To assess
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airway responses of the subjects to the inhaled fogs, SRaw was measured
as described above for the mouthpiece study. Five measurements of SRaw,
one every 30 seconds, were made before each challenge, after the initial
5-minute exercise
exposure, and after the completion of the 1-hour exposure. The subjects
left the inhalation challenge chamber during the 1-hour exposure period
only for the time required to measure their SRaws (approximately 3
minutes) at 15 minutes and 30 minutes after the onset of exposure.
Throat, respiratory, and nonrespiratory symptoms were assessed by pre-
and post-exposure administration of the same questionnaire described

above for the mouthpiece study.

Fogs were generated by forcing stock solution (either SmM H2S04
alone or 1mM HMSA in 5mM H2804) under high pressure through a series of
atomizers was adjusted to keep the LWC ~ 2 g/m3. The osmolarity of the
stock solutions was 30 mOsm, hypoosmolar relative to body fiuids. The
droplets were blown (via a 400 CFM capacity central blower) through a
series of mesh screens (designed to scavenge larger droplets) and Teflon
ducts into the exposure chamber. Central ceiling manifolds provided even
distribution of the fog. Excurrent chamber air was drawn via perimeter
floor ducts through a series of filters to remove droplets and provide
100% humidified air to the aforementioned blower to, in a continuous
fashion, propel newly created fog droplets into the chambsr. In this way,
90% of the chamber air was re-circulated, 10% was exhausted via a fog
water collector and 10% fresh air was introduced after purification and
humidification. Incurrent air temperature (24° £ 2°C) was maintained at ~
1°C above excurrent air temperature to minimize evaporation from fog

droplets. Figure 1 is a schematic of the fog generation system.



The fog droplets in the chamber were monitored in terms of both
physical and chemical characteristics. A phase/Doppler particle analyzer
(Model 1100, Aeromstrics, Mountain View, CA) linked 1o a microcomputer
(Model AT, International Business Machines, Armonk, NY) was used to
measure the fog droplet size distribution. LWC was measured by
collecting droplets on a 47 mm glass fiber filter, (type A/E, Gelman
Sciences, Ann Arbor, MI; collection efficiency 98.9% at 0.3 microns) by
sampling chamber air for 3.5 minutes at 14 L/minute utilizing a vacuum
pump. LWC was also continuously tracked and displayed in real time using

the phase/Doppler particle analyzer system.

Fog droplets were collected for chemical analysis using 2 different
methods; a)} by drawing chamber air at 70 CFM across a modified
California Institute of Technology string fogwater collector (collection
efficiency 85% at 4 microns) ; and b) by the glass fiber filter technique
described above for the gravimetric measurement of LWC. Fogwater
samples were obtained from the string collector before each challenge,
after the initial 15-minute resting exposure, after the initial 15-minute
exercise exposure, and after the completion of the 1-hour exposure. Filter
samples were obtained at the beginning and end of each challenge. The

filters were eluted with 5 ml of deionized water.

Samples were analyzed for sulfate concentration by high
performance ion chromatography utilizing Dionex columns (AS4A, P/N
037041, S/N 6037), a 2.5 mli/minute flow rate, and an eluant composed of
3.6 x 10 -3 M sodium bicarbonate and 3.1 x 10 -3 M sodium carbonate.

Samples were analyzed for HMSA concentration by mobile phase ion
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chromatography using Dionex columns (E/N 035321, P/N 30956, S/N
0777), a flow rate of 1 ml/minute, and an eluant composed of 2 x 10-5 M
HCI, 2 x 10-3 M tetrabutyl ammonium chioride, and 20% methanol by
volume. Technical iimitations made analysis of small concentrations of
HMSA (i.e.,, < 0.1mg/ml, as on glass fiber filters) exceedingly difficult.
Tank solution pH was measured with a pH meter (Model 43, Beckman
Instruments, Inc., Irvine, CA) and fogwater pH was determined as the -log

[H+].

To determine whether there were significant differences in the
subjects' airway response to inhalation of the aerosols in the mouthpiece
study, we compared the mean change in SRaw after administration of each
of the 5 aerosols inhaled sequentially on the HMSA-in-H2S04 study day
with the mean change in SRaw after administration of each of the
corresponding 5 aerosols inhaled sequentially on the H2S0Q4-only study
day. To analyze the symptoms experienced after the inhalation of the 5
aerosols administered on each study day, we grouped the 9 symptom
scores into 3 categories: a) lower respiratory symptoms (chest pain, chest
tightness, wheezing, shortness of breath, cough, and sputum production);
b) throat irritation; and c) non-respiratory symptoms (back pain and
headache). To determine whether there was a significant difference
between the reported symptoms following inhalation of the aerosols on
the 2 study days, we compared the mean sympiom category scores. We
also compared the mean baseline SRaw values prior to the inhalation of

the aerosols on the 2 study days.

To determine whether there were significant differences in the

subjects’ airway response to inhalation of the fogs in the chamber study,
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we compared the mean baseline SRaw, mean change in SRaw after 1-hour
fog exposure, and mean maximum change in SRaw (i.e., baseline to highest
SRaw) between the HMSA-containing and H2S04-only fog exposures. The
pre- and post-exposure symptom scores in the chamber study were
categorized as described above for the mouthpiece study. To determine
whether there was a significant difference between the reported
symptoms following inhalation of the 2 fogs, we compared the mean

changes in score for the 3 symptom categories.

We used the Wilcoxon Rank Sum test for the comparisons described

above. A p value of < 0.05 was considered statistically significant.
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RESULTS
Mouthpiece Study

The mean t SE changes in SRaw {in L x cm H20/L/S) from pre-
exposure values after inhalation of each of the 5 repeatedly administered
aerosols on the HMSA-in-H2SO4 exposure day were as follows: + 1.2 £ 0.5
after 50 uM H2SO4 alone; + 0.4 + 0.7 after 30 uM HMSA in 50 uM H2S0O4:

- 0.8 £ 0.7 after 100 uM HMSA in 50 yM H2SO4; + 0.5 £ 0.3 after 300 uM
HMSA in 50 uM H2SOg4; and - 0.9 £ 0.5 after 1000 uM HMSA in 50 uM
H2S504. There were no significant differences in mean change in SRaw
among these 5 aerosols (by 2-way analysis of variance (ANOVA)). The-'
mean t SE changes in SRaw from pre-exposure values after inhalation of
each of the 5 repeatedly administered aerosols containing 50 uM H2S04 on
the H2S0O4-only exposure day were as foll_qws: +16+£12, -03+10, +01
+ 03, - 0.1 £0.4, and + 0.4 £ 0.3. There were no significant differences in
mean change in SRaw among these 5 aerosols (by 2-way ANOVA), nor were
there any significant differences between these values and the
corresponding values obtained on the HMSA-in-H2SO4 exposure day. Figure
2 displays the mean SRaw values for the 9 subjects after each inhaled
aerosol. Three of the 9 subjects developed increases in SRaw > 50 % from

pre-exposure baseline values; 2 subjects (#2,4) after inhalation of

aerosals containing 30 uM HMSA in 50 uM Hz5C4 and 2 subjects (#2,6)

after inhalation of aerosol containing only 50 uM H2S0O4.

No subject in the mouthpiece study experienced as much as
"moderate” (i.e., symptom score 2 4) throat irritation and only 1 subject

(#2) experienced moderate (symptom score 4) wheezing, sputum
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production, and shortness of breath. There were no significant
differences in the mean scores for throat irritation, respiratory
symptoms, and nonrespiratory symptoms between the HMSA-in-H2S504 and
H2S04-only exposure days. One subject (#2) coughed frequently during
inhalation of aerosols on both exposure days, but there was no significant

difference in cough frequency between the 2 days.

The MMAD (geometric standard deviation (GSD)) of the aerosols
generated in the mouthpiece study was 6.1 (1.5) microns. The LWC was
87.1 g/m3. The pre-exposure pH was 4 and there was no significant post-
exposure change in pH. There were no significant differences in mean

temperature (range, 21.7-22.6°C) among the aerosols.

Chamber Study

The mean + SE post-exposure SRaw value for the HMSA-containing
fog and for the H2SO4-only fog were 8.8 + 1.9 and 8.7 + 2.1, respectively.
There was no significant difference in mean post-exposure SRaw between
the 2 fogs. Figure 3 displays the mean SRaw values for the 10 subjects
after each fog exposure. Two of the 10 subjects developed increases in
SRaw > 45% from pre-exposure baseline values; 1 subject (#6) after
exposure to both acid fogs (Figure 6) and 1 subject (#2) after exposure to
the H2SO4-only fogs h
substantial increases in SRaw after exposure to neutral saline fog.
Analysis of the maximum change in SRaw, rather than post-exposure
SRaw, demonstrated that 2 additional subjects (#4,7) developed
substantial (77% and 57%, respectively) increases in SRaw during the
H2S04-only fog exposure, but not during the HMSA-containing fog exposure































































buifered with ammonium suifate is that, due to unexpected technical
difficulties with the ion chromatographic measurement of HMSA, we
were required to spend much greater amounts of time (i.e.,
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ly 3 months) and money (~$30,000) on the HMSA project
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than we had specified in the original research proposal to the ARB. We
had been assured by the manufacturer of our ion chromatographic
system, Dionex, that we would be able to measure HMSA using high
performance ion chromatography (HPIC), which we already had on-line.
We budgeted accordingly our time and monetary expenses.

Unfortunately, after considerable frustrated effort, we became_ aware
that HPIC was an inappropriate technique for the measurement of HMSA.
We contacted Dr. William Munger at the Keck Laboratory of
Environmental Engineering Science at the California Institute of
Technology, the lead author of the report that described the
measurement of HMSA in southern California acid fog, who advised us
to try mobile phase ion chromatography (MPIC). Although this advice
put us on the right track, it was not until we shared our experience
with Karen Anderson at USC, that we began to successfully detect
HMSA at the millimolar level. The successfully applied MPIC technique
required us to buy different chromatography columns and suppressor
columns than we had requested in the original proposal and to replace
these new columns more frequently than is necessary for HPIC columns.
Thus, one reason we did not perform a study involvin
fogs buffered with ammonium sulfate is that we had to exceed the
planned budget for the HMSA study in order to complete it. We were
left with insufficient funds to complete the proposed experiment

involving ammonium sulfate-buffered acid fogs.



Dr. Sheppard discussed both the scientific rationale and the
budgetary constraints behind our decision not to conduct the buffered
acid fog experiment with Dane Westerdahl of the Air Resources Board

Research Division by phone in June, 1988.



