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Introduction 
Research efforts conceming the human respiratory effects of N~ exposure have indicated that 
peak concentrations of N~ which are encountered in ambient and indoor environments (300 
ppb) ma y provoke acute effects on the airways of asthmatics (Bauer, et al., 1986; Roger, et al., 
1985; Ahmed, et al., 1982; Orehek, et al., 1976). However, problems in study design and 
statistical analysis have weakened the conclusions of many of these studies (Samet and Utell, 
1990). Additionall y, there is a great deal of uncertainty regarding the lower threshold limit for 
the provocation of airway effects following N~ exposure. White same human chamber studies 
have suggesled decrements in forced expiratory flow in asthmatics subjects following exposure 
to 300 ppb NO, (Roger, et al., 1985; Ahmed, et al., 1982; Orehek, et al., 1976), other studies 
with asthmatics have not been able to demoostrate similar effects following exposure to N02 
concentrations as high as 4000 ppb (Linn, et al., 1985, 1986). 

Since the common chemiluminescence measurement of nitrogen oxides is not specific to N02, 
but detects many nitrogen oxides (Joseph and Spicer, 1978), one possible confounding factor in 
N02 exposure studies is the presence of other nitrogen oxides in the exposure environment. For 
example, nitrous acid (HON O) and nitric acid (HN03) maybeformed indoors from the reaction 
of N02 with water on indoor surfaces (Biermann, et al, 1988; Jenk:in, et al., 1988). Recent 
evidence also suggests that HONO may be produced directly in the combustion process in 
addition to its productian in heterogeneous reactions (Pitts, et al., 1989; Brauer, et al., 1990). 

Studies of HONO formation have demonstrated that approximately 50 ppb of HONO are 
produced in an atmosphere containing 1000-1200 ppb NO, (Biermann, et al., 1988; Pitts, et al., 
1989; Brauer, et al., 1990). Although the possible respiratory toxicity of HONO has not been 
investigated previously, the acidic nature of this compound, its reactivity and aqueous solobility 
suggest that respiratory damage is plausible. Exposure to 50 ppb of HN03 , a more reactive 
acidic species than HONO, has resulted in an effect on the airways of asthmatic subjects 
(Koenig, et al., 1988). Indoor HN03 concentrations are typically much lower than indoor 
HONO levels as HN03 appears to remain adsorbed on indoor surfaces. While HONO is less 
reactive than HN03, concentrations of HONO in indoor air are higher than those of HN03 • 

Furthermore, the lower water solobility of HONO relative to HN03, prediets penetration into 
deeper, and potentially more sensitive, regions of the airways. 

Acid gases ma y also be important co-factors or competitive eauses of the effects associated with 
N02 exposure in epidemiological studies (Neas, et al., 1991). In these studies, all nitrogen 
oxides from both indoor and outdoor sources, and not just N~, are the exposure variables. In 
this context, the direct productian of HONO during combustion, in addition to HONO 
productian from N02 surface reactivity, is important. As most of the measurement techniques 
commonly used in epidemiologic investigations measure total (excluding nitric oxide (NO)) 
nitrogen oxides (N02 , HONO, HN03, etc.), exposure assessment has not been specific for the 
compound of interest, presurnably N02• Therefore, any epidemiological study demoostrating 
a relationship between health endpoints and N02 exposure should be viewed with caution until 
the presence and importance of other potentially toxic nitrogen oxides in the exposure 
environment is evaluated. 
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In clinical human exposure studies, reactive chemistry within the exposure chamber has seldom 
been considered. Same of the previous NO:! exposure studies were conducled in small volume, 
low airflow chamberswith high surface/volume ratios (Bylin, et al., 1985; von Nieding, et al., 
1979). Such conditions ma y promote the formation of HONOfrom reactions of NO,. Since the 
possible confaunding effect of acid gases on the provocation of exposure effects has not been 
controlied for, it may provide a partial explanation for the observed inconsistencies in the 
threshold concentration for the provocation of airway effects. A companion investigation 
demonstrated that certain chamber conditlons such as high relative humidity and low ventilation 
rate will facilitate HONO production (Brauer, et al., 1992). 

lovestigating the potential toxicity of HONO will help to clarify its role as a confounding factor 
in N02 health effects studies, as well as to identify the appropriate parameters to measure in 
epidemiologic studies. For HONO to be a significant confounding factor in N02 health effects 
studies, it must be found to have a higher relative toxicity than that of N02• This is due to the 
fact that HONO concentrations are typically only 5-10% of the NO, concentration in a given 
indoor environment. As inhaled N02 is Iikely to form HONO in vivo, the deposition patteros 
of HONO and NO, must be examined. NO, removal in the airways is typically 70%, with NO, 
being removed throughout the respiratory tract. In contrast, HONO removal is 100% (Brauer, 
et al., 1992), with its solobility predieting removal in the upper airways alone. Therefore, it is 
possible that the flux per affected surface area is much greater for HONO than for NO,. 

Accordingly, we conducted a pilot human exposure stud y to obtain preliminary estimates of the 
relative contribution of HONO to measurable human exposure effects. The HONO 
concentrations used in this study were comparable to levels associated with indoor N~ 
concentrations in environments with unvented gas combustion (Bra uer, et al., 1990). As this 
investigation was the first study of human exposure to HONO, non-asthmatic, and presurnably 
less sensitive, subjects were used. Previous research invalving effects of N~ exposure has 
demonstrated that individual asthmatics and some groups of asthmatics are a susceptible 
population subgroup with respect to the effects of acute NO, exposure (Samet and Utell, 1990). 
Similarly asthmatics appear to have increased susceptibility to acidic compounds, particularly 
acidic sulfate aerosols (Spengler, et al., 1990). As this study involved only healthy individuals 
and no asthmatic subjects, it is critical that this study be viewed as a preliminary investigation 
of HONO exposure effects. Direct comparison of the relative toxicities of HONO and N02 must 
incorporate examination of the effects of exposure on sensitive individuals such as asthmatics. 
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Methods and Materials 

Subjects 
Fifteen adult, non-smoking, healthy subjects (l l o l 4 ?) participated in the stud y. The mean 
age of subjects was 37.7 years with anagerange of22- 57 years. Subjects were selected from 
populations who bad participated in previous studies conducted at the Institute of Environmental 
and Occupational Medicine at Aarhus University. All subjects underwent a medical examination 
prior to their inclusion in the stud y and were found to be in good health. Persons suffering from 
serious allergy, asthma, hayfever (allergic rhinitis), other chronic airway diseases, or serious 
diseases (heart ailments, epilepsy, etc.) were excluded. Persons who were regular smakers 
within the last year or who were lessthan 18 ormorethan 60 years of age were also excluded. 
Minor conditlons such as mild migraines and mild allergies, did not lead to exclusion. All 
participating subjects bad pulmonary function above 80% of predicted values. During the initial 
examination period, a bronchial challenge test using histamine chloride in concentrations up to 
16 mg/mi was performed to assess the subjects• level of bronchial reactivity. None of the 
participants ha d a PC20 be lo w 9. 6 mg/ml, indicating that all ha d normal bronchial reactivity. 
The study was approved by the local municipal ethics committee and performed in accordance 
with the Helsink:i Declaration. 

The 15 subjects were exposed in a double-blind, balanced design (3 x 3 latin square) to clean 
air and two concentration of HONO in an empty 74 m3 elimate chamber. Three teams of 5 
subjects each were allocated randomly to the exposure schedule and the latin square was selected 
at random. Each exposure period was 3.5 hours and was preeecled by a l hour base-line (pre
exposure) measurements period. Table l displays the exposure regime. After the fi.rst half of 
the 3.5 hour exposure period the subjects went through a lO minute exercise period on a bicycle 
ergometer. This moderate exercise maneuver was included during the exposure period to 
increase the uptake of HONO by increasing the ventilatory rate 3-4 fold. Workloads were 
calculated individually and ranged from 21800- 34600 kpm/h. During the lO minute exercise 
period the subjects were mouth-breathing to encourage deeper penetration of HONO into the 
airways and to induce a mild cooling of the airways to potentiate their responsiveness to 
irritants. 
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Exposure chamber 
A 74 m3 stainiess steel elimate chamber was osed for all exposures. Airflow, temperature and 
relative humidity (RH) and pressure were continuously monitored and controHed by a 
computerized feedback system. Chamber environment set-points were 22°C, 45% RH and 3 
air changes per hour. Noise levels in the chamber were spot-checked and found to be < 60 
dB(A). Temperatures ranged from 21- 22"C and the RH was 39.5- 49.5% during the course 
of the study. Within-day coefficients of variation were approximately 3% for temperature and 
4% for RH. Within-exposure-levet coefficients of variation for temperature and RH were below 
l% for the averages of all exposure days. 

HONO measurements 
lntegrated HONO concentrations during the 3.5 hour exposure period were measured with 
annular denuder samplers and real-time HONO concentrations were monitored with a modified 
chemiluminescent analyzer (Brauer, et al., 1990). Real-time measurements were collected 
primarily to monitor chamber conditions, while the annular denuder integrated measurements 
were used for all calculations of HONO concentration. Briefly, the annular denuder sampleris 
comprised of 3 Na2C01-coated denuders were connected in series to a sampling pump operated 
at a flow rate of lO L min·'- The first of the three denuders also contalned a fritted glass 
impaction plate and was connected to a glass impactor in order to remove particles with d~ > 
2.1 J.tffi. Following sampling, the denuders were sealed until extraction with 10 ml of deionized 
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water (Milli-Q, Millipore). Extracts were analyzed by ion chromatography with suppressed 
conductivity detection. The limit of detection for the denuder measurements of HONO, based 
on the sensitivity of the ion chromatographic analysis and the lO L min"1 flow rate, was 0.47 
ppb. 

HONO was also sampied continuously by a modified chemiluminescent NOx analyzer (Thermo 
Electron l4B/E). The modifications consisted of a shortened sample Iine within the analyzer, 
the addition of fast-response circuitry, and the connection of an externa! Teflon val ve and a 
Na2C03-coated filter to remave gaseous HONO. The externa! val ve allowed the sample stream 
to pass through either a Teflon filter only, or a filter pack containing a Teflon filter backed by 
two Na2C03-mxated glass fiber filters. The valve was in each position for two minutes, and 
only the average of the seeond minute of the cycle was used, to ensure that a completely 
equilibrated sample was obtained. The valve was switched by an externa! timer (Chrontrol) 
which was also connected to the data acquisition system such that a signal voltage was applied 
to indicate the valve position at any given time. While the modified NOx analyzer sampied at 
a flow rate of 0.2 L min-1, we connected a 4 L min-1 pump at a tee immediately dowostteam of 
each of the filter packs, increasing the total flow to 8.2 L min·1, and the flow through each filter 
to 4.1 L min·1• This was necessary to avoid reactions of nitrogen oxides (particularly NOJ with 
the sample Iine, the filter packs and the filters themselves. The NOx analyzer was calibrated 
biweekly with a gas dilution system (fhermo Electron lO l) using a certified gas cylinder of 20 
ppm NO (Union carbide). The limit of detection of the modified chemiluminescent analyzer, 
based upon 3 * standard deviation of HONO measurements in the chamber under conditlons of 
clean air, was found to be 6 ppb. During all experiffients the inlet for the chemiluminescent 
analyzer and the denuder samplers were collocated in the middle of the 74 m3 exposure chamber, 
approximately 1.5 meters above floor level. A Teflon sampling line approximately 6 meters in 
length led to the chemiluminescent analyzer itself, which was placed outside of the chamber. 

HONO exposures 
The concentrations of HONO used in the exposure study were based upon previous acid 
measurements in research bornes. Three target exposure levels were used (0, 100, 500 ppb 
HONO). A leve! of 100 ppb corresponds to peak (15 minute) concentrations observed in a 
research h ou se during the operation of an unvented convective s pace heater (Bra uer, et al., 
1990). A concentration of 500 ppb may be experienced directly in the vicinity of such an 
operating heater. HONO was produced by a modification of the method of Taira and Kanda 
(faira and Kanda, 1990), which involved the controHed mixing of NaNO, and H2S04 solutions 
on a glass frit which is continuously purged with carrier gas. Using this generation system, a 
stable production of HONO at a known concentration was achieved. In initial tests, HONO 
purity was ;,85%, (5% NO,, lO% NO). 

At the appropriate time in the study protocol, the generator was turned on, and the HONO 
concentration was allowed to rise to approximately 10% of the target concentration for the 
particular exposure condition onthat day. In order to reach the target level more quickly, the 
ventilation in the chamber was then turned off completely for 3-4 minutes, with the HONO 
generator still operating. The ventilation was then restored over a 5 minute period to its original 
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level of approximately 3 air changes houl1
• In this way, the target HONO concentration was 

reached rather gradually in a period of 30-40 minutes. Only after the target concentration was 
reached was the denuder sam p ler turned on, and exposure condition maneuvers performed with 
the subjects inside the chamber. 

HONO generation 
The HONO generation vessel, shown schematicall y in Figure l was eostom-designed and made 
of borosolicate glass (Wilbur Scientific, Boston, MA). For HONO productian the vessel 
temperature was held eonstant at 25 °C by a water jacket connected to a thermocirculator. The 
carrier gas used was a purified airstream at a flow rate of 2. 94 m3 hour-1 (49 L min '1). NaN~ 
and H,S04 solutions were pumped into the vessel by a perlstaltic pump (Proportioning Pump II: 
Technicon) fitted with the correct diameter pump tubing to achieve identical flow rates of 2.5 
ml min·1

• For all exposure experiments, new H2S04 and NaN02 solutions were prepared fresh 
on the morning of the exposure from stock solutions of lM H2SO, and O. lM NaN02• The 
NaNO, and H2SO, solutions were pumped from separate l L glass reservairs through short 
lengths of Tygon tubing, through the perlstaltic pump to separate lengths of l/8" O.D. Teflon 
(PFA) tubing. The solutions were mixed by conneoting the separate Teflon tubes to a Teflon 
tee at the entrance to the glass generation vesseL 

The mixed solution was then fed through a l/8" O.D. Teflon tube onto the surface of the 
medium porosity glass frit inside the vesseL Three solution waste Iines were connected to ports 
located 8 mm above the glass frlt, at 90 and 180 degree angles from the solution feed tube. The 
waste Iines were kept under vacuum by a l O L min·' vacuum pump connected to a vacuum flask 
which was connected to the waste Iines. This vacuum pump and the 8 mm distance of the waste 
lines above the glass frit ensured that the levet of the solution in the vessel would remain 
constan t. 

At the exit of the generation vessel, 112" O. D. polyethylene tubing was connected to a round 
glass piece which served as a bubble and condensate trap. The polyethylene tubing was then 
connected to a filter holder containing a 0.2 ,um Teflon filter, which collected any aerosol 
remaining in the generation stream. Following the filter, a length of tub i ng was f ed directl y in to 
the exposure chamber and connected to a household fan to disperse the gas throughout the 
chamber. The fan wasplacedin a comer of the chamber, at an angle of approximately 45° to 
the chamber walls. In early tests, we observed that it was important to keep the distance of 
tubing following the generator short in order to improve the purity of the generated HONO. 
Preliminary tests indicated that HONO was weil-mixed throughout the chamber. Initial 
measurements were made at six vertical and harizontal positions within the chamber. 
Measurements from all locations agreed within ±5%. 

For all exposure conditions, the concentration of the H2S04 feed solution was O.lM. To produce 
a chamber concentration of approximately 100 ppb (at a chamber ventilation rate of 
approximately 237 m3 hour1

, a 0.0125M NaN02 feed solution was used. To produce 
approximately 500 ppb of HONO under the same conditions, the H2S04 solution was held at 
O. lM, while a 0.0625M solution of NaN02 was used. These conditions earrespond to maximum 
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theoretical (assuming that 100% of the NaN02 reacts) productian rates of 3.1 X 10"5 and 1.5 X 
104 moJes HONO min·', for 0.0125 and 0.0625M NaNO, solutions, respectively. Based on the 
carrier gas flow rate of 2.94 m3 hour·1 and the chamber ventilation rate of approximately 237 
m3 hour·1 we calculated the dilution ratio to be 80.6, indicating that the actual productian rates 
were 1.6 X JO·' and 8.1 X w·' moJes HONO min·', for 0.0125 and 0.0625M NaNO, solutions, 
respectively. Consequently, our observations suggest that approximately 50% of the NaN02 

reacts to produce HONO, with the remainder being pumped to waste unreacted, or lost on the 
surfaces of the generator vesseL 

Health Effects Measurements 
The sequence of human effects measurements within the exposure protocol is shown in Table 
l. Effects measurements included a histamine challenge to assess bronchial reactivity, 
measurements of specific airway conductance (SG,w), pulmonary function, acoustic rhinometry 
to measure changes in nasal mucosal thickness, counts of inflammatory cells in tear fluid and 
nasal secretions, photographical assessment of eye redness, measurements of eye irritation by 
a C~ challenge test, and assessment of subjective sensations of mucous membrane irritation. 
Pre- and post-exposure blood and urine samples were also collected from all study subjects for 
the assessment of nitroso-DNA and -protein adducts. Blood and urine measurements will be 
reporled separate ly. 

Histarnine provocation test to assess bronchial reactivity 
For each of the subjects a provocation dose was selected based on the results of the histamine 
bronchial challenge performed during the initial medical examination. The ehosen concentration 
ofhistamine was the highest concentration (up to a maximum concentration of 16 mg/ml) which 
did not induce more than a 10% decrease in FEV1• These restrictions ensured that the 
histamine-induced airway initations would be as homogeneous as possible among all subjects. 
12 subjects received 16 mg/mi histamine, 2 received 9.6 mg/mi, and l received 4.8 mg/mi. The 
histamine solution was nebulized in a Wright jet-nebulizer with an adjusted output of 
0.15 ml/minute. The histamine solutions used were all obtained from the same batch-number 
and the output from the nebulizer was unchanged from the start to the end of the experiment. 

The subjects inhaled the aerosol through a mouthpiece durlog tidal ventilation for 2 minutes. 
FEV 1 was measured before inhalation of histamine and 30 and 90 seeonds after the completion 
of the 2 minute inhalation period. The highest FEV 1 value of the three maximal forced 
expirations before inhalation and the highest of the three expirations at 90 seeonds after 
histamine inhalation were campared and the percentage change relative to the pre-inhalation 
value was u sed as the response (Hargreave, 1985). The response to histamine challenge was 
measured at the end of each 3.5 hour exposure period while the subjects were still being exposed 
(Table 1). 

Specific airway conductance 
Specific airway conductance (SG .. w) is a measurement of airway conductance (G .. w) adjusted for 
individual lung size: SG .. w = G,w/FRC, where FRC is the Functional Residua! Capacity (the 
l ung volume at which the airway conductance was measured). SGaw was measured 3 timesdurlog 
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each of the three exposure sessions (fable l). One measurement was made before any HONO 
exposure (pre-exposure) and the remaining two measurements were made during exposure, one 
prior to the exercise period (exposure l) and the seeond just after exercise ( exposure 2). SG."' 
was measured in a 430 L eonstant-volorne body plethysmograph according to the method of 
Krell et al. (Krell, et al., 1984). The measuring equipment of the plethysmograph was calibrated 
before each series of measurements. Box pressure was calibrated using a 50-ml sinusoidal 
volorne signal with empty box. Flow was calibrated by integrated flow ( = volume) which was 
campared with a 1-second test-signal. For all measurements, subjects breathed through a Fleisch 
no. 3 pneumotachograph and box pressure and differential pneumotachograph pressures were 
measured with transducers (Validyne MP45-l: Northridge, California). X-Y plots of box 
pressure versus air flow were recorded on an X-Y recorder (Graphtec WX 2400: Tokyo, Japan). 

Two types of breathing patteros were analyzed for each measurement - one with quiet breathing 
and one with panting (freqnency approximately I Hz). For each measurement, a series of about 
10 pressnre-flow loops were recorded for each type of breathing pattem. SG.w was determined 
by the slope (expressed as the tangent) of time loop at the transition from expiration to 
inspiration. From each set of 10 loops, three loops were selected for calculation of the slope, 
based on the definition and closnre of the loops. A mean valne was calculated from each set of 
three loops. The selection and measnrement of the loops was done in a double-blinded fashion 
relative to the exposure levets. The valnes measnred prior to each exposure were used as 
reference-valnes for each session. 

Pulmonary function tests 
Spirometry was performed as an assessment of pulmonary function on three occasions during 
each exposure session - once prior to the actual exposure (pre-exposure) and two times during 
exposure, (once before exercise once after exercise-Table l). Measurements were made with 
an electronic spirometer (Vitalograph Compact: Buckingham, U.K.). Subjects performed three 
maximal forced expirations for each measurement and the highest of these three was selected 
according to the A.T.S. criteria (largest sum of FVC and FEV1) (A.T.S., 1979). From the 
selected forced expiration, the following parameters were calculated: FVC, FEV1, Peak 
Expiratory Flow (PEF), and Forced Expiratory Flows when 25%, 50%, and 75% of FVC had 
been expired (FEF25 , FEF50, and FEF7s). The spirometer was calibrated before and after each 
of the three measurements during each session. Calibration was performed by delivery of a pre
set volume of air by explosive decoropression (Pedersen, et al., 1983). The pre-exposure 
measurements were used as reference values. 

Acoustic rhinometry 
Acoustic rhinometry measures the dimensions of the nasal cavity. A sound-impulse of short 
duration is produced by a spark at the end of a 100 cm Iong tube. The sound-impulse travels 
through the tube and a short connector into the nose through the nostril. Any change in cross
sectional area produces a reflection of part of the sound impulse back inta the tube where a 
sensitive microphone detects the reflected sound-impulses. Impulses are A-D converted and 
analyzed to generate a picture of the nasal cavity as a series of cross-sectional areas against 
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distance into the nose (Hilberg, et al., 1989). The nasal cavity dimensions may be expressed 
as cross-sectional areas at ehosen distances into the nose or as integrated cross-sectional areas 
within a selected interval of distances (volume). By comparing pictures obtained before and after 
an exposure it is possible to calculate differences due to changes in the thickness of the nasal 
mucosa. 

For each complete value, an average of three measurements from each side of the nose were 
used. All six measurements were made within 2-3 minutes. Acoustic rhinometry was performed 
three times in each session (Table 1): once prior to exposure and two times during exposure 
(before and after exercise). The measurement obtained prior to exposure was used as a 
reference valne. 

Nasal /avage 
Nasal lavage was performed by a slight modification of the methods of Koren and colleagues 
(Koren, et al., 1992; Graham, et al., 1988). Samples were collected from each subject pre and 
post exposure (Table l) and kept on ice prior to analysis. All analysis was performed 
immediately following collection of the post-exposure sample. Sample collection began with the 
subjects blowing their noses into a tissue. A 10 mi syringe was then used to iostill 5 ml of 
warmed (37 •q, sterile Hanks Balanced Salt Solution (Mg+', Ca+' free) into each nostril. 
After holding the solution in the nasal cavities for 15 seconds, the solution was expelled 
forcefully and collected in a beaker. The beaker contents were immediately transferred to a 
marked, preweighed centrifuge tube and placed in an ice bath. The tube was weighed and 
centrifuged at 1500 rpm for 10 minutes at 4 •c. The supematant was decanted and stored at -
80 °C for future analysis of protein content. Results of protein analysis will be reported in a 
susequent report. The centrifuge tube containing the remainder of the sample (approximately 
500 p.l volume) was weighed again, and thoraugbly mixed using a pipette. 

This sample was then mixed with 4 p. l of concentraled methylviolet stain. The cells were mixed 
thoraugbly andplacedin a BUrger-TUrk hemocytometer. Four independent countings of a full 
gratieute were performed by two technicians and one of the investigators. Cell counts were 
performed immediately and results expressed in units of cells per ml of original recovered 
sample. 

C02 eye provocation test 
Tests were performed during the pre-exposure period and once during the exposure period 
(Table 1). This assay used a pair of goggles designed for exposure of a single eye to C02 

(Kjrergaard, et al., 1990; Kjrergaard, et al 1992). The subject was seated, with the goggles on, 
in front of two potentiometer wheels. C~ was introduced (into the goggles) in front of one of 
the eyes (unknown to the subject which eye was being exposed to C02). lncreasing CO, 
concentrations of 20, 40, 80, 160, 320 ml/1 were used. Each concentration was maintained for 
l minute. The subject was instructed to score each eye separately with respect to sensory 
irritation (dry eyes, stinging, or painful sensations). The scaring was done by tuming the 
potentiometer (one for each eye) which was scaled from a measure of no irritation (left endpoint) 
to a reading of severe unbearable irritation (right endpoint). Subjects were instructed that the 
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right endpoint of the scale was equivalent to their wishing that the test be stopped prematuret y. 
In the few instances in which the subject turned the potentiometer to the right endpoint, the test 
was stopperl immediately. Readings from the potentiometer were transferred to a computer and 
stored during sampling. 

Recovery from the C02-induced irritation normally takes place within a short time period 
(seconds to a few minutes). Concentrations of C02 were controlied by a calibrated Howmeters 
and were rnanitared continuously on a caterograph. The intensity of response was calculated 
at the point of change in C02 exposure, that is, immediately before the concentration was 
changed to the next highest concentration level. In the few cases (one participant only) where 
a subject indicated maximum irritation before the end of exposure to the highest leve! (32 % 
C02), irritation intensity was set to the maximum level for 32 % C02 as well. 

Eye-redness 
The bulbar medial conjunctiva of each subject was photographed before and after exposure as 
an assessment of eye redness. Pairs of photographs taken before and after exposure (Table l) 
were randomized and compared by a panel comprised of four trained technicians and one 
investigator. Each pair ofphotographs were scored as described previously (Kjrergaard, et al., 
1990) using a scale of eye redoess between l and 5, where l indicated t hat the eye was less red 
after exposure than prior to exposure. 

Tear fluid cytology 
Cytological analysis of tear fluid was performed using the quantitative pipette method (Nom, 
1983; Kjrergaard, 1990). Using a small pipette tear fluid was sucked from an area of,. mm' in 
the lower conjunctival sack and was washed out on a glass-siide using lO% formaldehyde for 
fixation. After staining with a modified May Griinwald Giemsa stain, the cell content 
(Polymorphonuclear neutrophils (PMNs), Lymphocytes, and different epithelium cells) was 
analyzed and counted by optical roieroscopy ( 400x magnification). Pre-exposure sample counts 
were compared with post-exposure sample values (Table l). 

Subjective sensations of mucous membrane irritation 
At five instances during each session (one prior to exposure and 4 during the exposure period -
Table l), subjects were asked to indicate their subjective sensations at that particular moment. 

The 18 questions concemed: 111umination, temperature, air humidity, air movement, air quality, 
smell, eye irritation, watering eyes, throat irritation, need to cough, dyspnea, oppression, nasal 
irritation, watering nose, head feeling heavy, headache, other miscellaneous complaints and the 
need of fresh air. Respanses were recorded on visual analog scales with a length of 100 mm 
(Melhave, et al., 1986). The two endpoints symbolized extreme answers in opposite direction 
to a specific question conceming subjective sensation. For instance, for the question "Do you 
feel irritation in the eyes right now?" the two endpoints of the Iine represent "No irritation" and 
"Yes, strongly". Subjects placed a mark on the Iine samewhere between these two extremes to 
indicate their personal opinion at Hxat moment. After completing the list of 18 questions, the 
subjects were not allowed to see their respanses during subsequent intervals.Individual respanses 
we re coded as the distance in mm (0 to l 00) from the left endpoint of the scale to the mark. 
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The pre-exposure respanses were used as reference-values and each of the questions were 
analyzed separately. Analysis tested whether the median pre-exposure rating differed from the 
four subsequent ratings for any of the three exposure levels and whether the median change from 
the pre-exposure rating was greater for one of the exposure sessions. The significance level for 
each individual test was adjusted according to the number of tests performed on the set of data 
from one question using the Bonferroni correction (intended overall significance-level (5%) 
divided by the number of individual tests done (4) = > p < .0125%). 

Statistical calculations 
A general restfiction applied to the interpretation of results was that there should be indications 
of a monotonous dose-response relationship such that the response to the highest concentration 
of HONO should be equal to or exceed the response to clean air and to the lower concentration 
of HONO. Uniess noted otherwise, resulls were analyzed according to a repeated measures 
ANOVA in a multivariale design using SPSS/PC+ (SPSS lnc., Chicago). Data were analyzed 
bothas absolutevalues and as differential values (difference of post- and pre-exposure values). 
When analyzing the absolute values an exposure effect would lead to a significant interaction 
between the factor "Exposure" and the factor "Measurement" (prior to and during exposure). 
When analyzing differential valnes an exposure effect would lead to either a significant 
"Exposure" factor or a significant internetlon between the factor "Exposure" and the factor 
"Measurements" (before and after exercise). The latter would reflect a significant interaction 
between exposure and exercise or simply between exposure and time. MeasureHxnts of specific 
airway conductance, pulmonary function and acoustic rhinometry were analyzed by the 
differential value approach. 

For subjective symptom assessment and tear fluid cell counts, the distribution of the responses 
was non-normal and could not be transformed into an approximately normal distribution. 
Accordingly, results were analyzed using non-parametrlc statistical tests (Frledman's non
pararnetrio equivalence to a repeated measurements ANOV A) and evaluated according to tbeir 
medians. Confidence intervals for medians were based on the binomial distribution (Gardner 
and Altman, 1990). 

Based on the standard errors for the within-subject change from the pre-exposure to the pre
exercise, durlog-exposure measurement on the day with clean air (O ppb HONO) (designated 
SE •. ol i t is possible to ealculate an approximate 95% confideneo in terval (95% CI) for the dif
ference in change from pre- to durlog-exposure with clean air and with the highest HONO 
concentration (.å. high HoNo - .6. cleaD 1;,), which is the true expression of the exposure effect of the 
highest concentration of HONO. The standarderror for the difference in change (here designaled 
SEt~._J is approximately equal to (\12)*SE.o.o if we assume the SE.o,-values to be approximately 
equal within the measurements of one parameter, an assumption which based on our results 
appears to be justified to a reasonable degree. 



12 

Results 

HONO exposures 
Results of HONO, NO and N02 concentrations measured inside the chamber during the exposure 
periods are shown in Table 2. 

I!XPOSURB HONO {J>pb) 

AX 1.0 

AY 4.l 

AZ 6.3 

ME.AN (S.D.) 4.0 (2.7) 

ex 52.3 

CY &9.8 

cz 88.9 

MEAN(S.D.) 77.0(21.4) 

BX 414.3 

BY 383.1 

DZ 386.6 

MEAN(S.D.) 394.7 (17.1) 

... o 

>100 

60 , 

6 

8 

7 

12 

, 
, 

NO, (ppb) 

29.2 

29.8 

24.0 

27.7 (3.2) 

28.9 

20.7 

35.5 

2&.4 (7.4) 

60.8 

56.3 

4&.4 

55.1 (6.3) 

NO (ppb) 

10.5 

20.4 

'·' 
7.6 (7.1) 

19.1 

11.5 

14.2 

1&.3 (3.1) 

92.1 

113.5 

75.4 

93.7 (19.1) 

. """'' 

17.4 

23.7 

2l.8 

4.5.5 

13.2 

211.9 

Table 2. Cotu:Dilmlions of nin"Dtim speciu durill& opruuu periods. HONO: ..._ flilro<u ocid cmcOI!r<llion tblrilll apruun ptriod, as meas11nd by ~r 
dl:mukr ill~ttukd samplers. 'lo RSD: J()() • s/l!IUIIlrd tk:vUuioro IIIUIU! tfilrous o.cid ctlftCO!tmdort. M <!d/l and s/Qnt~Qni deviatiOtl ofHONOdurillt: aposurt 

ptrlod as mt:tiSIUed by~ tuullyz.er. NO,· mw. NO,~ durilltr apru~~te period, ar mtm~tred by conlitulow" tllllllyzer. NO: Metm NO 
C<Jntmtnzlion .U.rint aposun puiod, ar mMSured by cOitliluwru analyur. % dul4t'-' pi!I'CDUal!fl itm:!!!H in m<WI oj HONO ct:Oicmtration ajlu suJdeciS e;riled 

from chamber. MMSu~ by t'OilliJulow tiliUdyz.tr. 

A typical plot of HONO, N02 and NO concentrations durlog and after an exposure experiment 
is shown in Figure 2. The target HONO concentrations of HJO and 500 ppb were not reached 
durlog any of the exposure periods. This was Iikely due to HONO absorption on the clothing 
and body surfares of the subjects and investigators present in the chamber. To examine this 
possibility, on each day in which HONO was produced for the exposure study, we continued to 
generate and monitor the HONO concentration in the chamber after the subjects bad allleft the 
chamber. We contioned these measurements until a stable concentration was reached. In all 
cases, we observed an increase in the HONO concentration relative to the mean concentration 
in the presence of the subjects (Figure 2). Differences in the mean concentrations were 13-45% 
as shown in Table 2. The effect of subjects on HONO concentrations in the chamber was also 
assessed in a separate series of measurements which found HONO concentrations to belowered 
by 30-50% if subjects were present in the chamber (Brauer, et al., 1992). Our measurements 
indicated that the observed decreases in HONO concentrations were a function of the HONO 
concentration, such that a fixed percentage of HONO was removed when subjects were present 
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in the chamber. This observation then suggests a mechanism in which HONO, and not another 
compound or the amount of surface material, is the limiting factor for HONO removaL 

We exaroined three mechanisms as potential explanations for our observations of decreased 
HONO concentrations when subjects were present in the chamber: airway absorption ( ventilatory 
removal), reaction of HONO with bioeffluents and absorption of HONO on clothing and body 
surfaces. A simple calculation revealed that airway absorption of HONO by the subjects was 
not sufficient to explain the observed differences in concentrations due to the presence of 
subjects in the chamber: Assuming a minimum chamber ventilation rate of 180 m1 hour-1

, (as 
suggested by C02 decay experiments) and breathing rates of the 8 people (5 subjects and 3 
investigators) in the chamber to average 10 L min·' per person, and that 100% of inhaled HONO 
is absorbed, the maximum decrease in HONO concentration inside the chamber would only be 
2.2%, far below our observed concentration decreases. (In related measurements conducted on 
two subjects , we contirmed that HONO removal in the airways was > 99% (Brauer, et al., 
1992)). 

Reactions of bioeffluents, such as NH3, with HONO appear to be less important, especially since 
thermodynamic data do not support the reaction of HONO and NH3 to form NH4N02 (Brauer, 
et al., 1991). Assuming a concentration of 700 ppb of NH3 in exhaled breath (Larsen, 1989), 
a steady state NH3 concentration of approximately 14 ppb would have been present in the 
exposure chamber durlog the HONO exposures. Even if every molecule of NH3 were to react 
with HONO, the decrease in HONO concentration due to this mechanism would still not be 
sufficient to explain o ur observations. Estimatian of the effect of in c reased surface area suggests 
that absorption of HONO on body surfaces and clothing was a plausible explanation for our 
observations. Assuming a mean individual surface area of l. 7 m2, the addition of 8 subjects to 
the chamber would increase the surface area in the chamber by 11 %. If this additional surface 
area were to act as a perfeet sink for HONO while the other chamber surfaces removed no 
HONO whatsoever, then the maximum of an 11% decrease in the HONO concentration would 
be observed. This mechanism is also consistent with our observation of the HONO 
concentration being the limiting factor for HONO removal. Finall y, this mechanism of HONO 
absorption on clothing is Supported by separate chamber measurements in which HONO 
productian was found to decrease when wool earpets were added to the chamber (Brauer, et al., 
1992). 

HONO purity was lower than obtained in initial tests in which subjects were not inside the 
chamber. Durlog the actual exposures, HONO purity was only approximately 70%. This 
decrease in purity of the atmosphere is Iikely to be the result of the absorption of HONO as 
described above, rather than actual changes in the purity of the output from the generator. The 
generated atmospheres were quite reproducible, with the one exception of exposure CX, in 
which a significantly lower HONO concentration was measured. The mean concentrations of 
NO and N02 (Table 2), while higher than anticipated, were still well below levels for which 
human exposure effects have ever been reported. 
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Health Errects Measurements 

Ristamine Provocation 
The mean response for each of the subject teams are shown in Table 3 and in Figure 3. There 
was no effect of the exposure at any concentration of HONO (p = . 85). In contrast there was 
a clear effect corresponding to the week of the exposure, with a greater mean percentage 
decrease during the first week of the experiment (p = .005). There was, however, no evidence 
of lower pre-challenge values of FEV 1 in the first week (p = .35) which could have added to 
the understanding of this result. In Figure 3 the measurements obtained during the first week 
of the experiment are indicated. 

T- N PK.-Examin.oli"'' 4ppb HONO 77 ppb HONO 395 ppb HONO 

M~ (81!) M~ l'llJ M~ 1'1!) M~ I'El 

5 95.0 (1.9) 94.0' (0.6) 97.6 {1.7) 96.4 {1.4) 

2 5 97.2 (1.2) 91.5 (1.1) 96.2 (1.1) 96.2" (l. O) 

2 ' 92.6 (0.7) 98.S (l. O) 94.9' (0.9) 91.5 (1.6) 

AU " 94.9 (0.9) 96.7 (0.7) 96.2 (0.8) 96.1 (0.7) 

Tub~ 3. Hi.Jiamine ~ Tal.. Mmn l'tllut.J and S.E. ofFEV1 ~r Hi.JitJmille itrhaJaliOil as peru.nrose of FEV, bqore HUtamine inhtJlati.oo (= 100% 
• FEV ,.pn l F1!V ,-posr). ' iluJiauel: med.l'lll'mlmts ob!ll/MJ in J sr ..W: of snuiy. 

To estimate a 95% CI for the assessment of bronchial reactivity, we find the difference, 
.6.195 - .6.o, which is equal to zero. SE4.~b = SE4,195ppb = 0.7% = > 2*SE4 _4 = 2"'v'2*0.7% 
= 2%. Therefore, the approximate 95% CI for (<!.295 - <!.0) is ±2%. Since the observed, and 
significant, differences between exposure-weeks for some subject-groups were greater than 2% 
(Table 3) it can not be excluded that this week-to-week variability may have obscured an y effects 
due to exposure. The weekly variability ma y be eaused by changes in weather conditions, factors 
which were impossible to control over the three week study period. 
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Specific airway conductance 
Resnits of the airway conductance measurements are presenled in Table 4 and in Figures 4-6. 
We found that the within-subject week-to-week variation was greater for the quiet breathing 
measurements than for the measurements obtained during panting (average within-subject 
coefficient of variation was 32% (range 5% to 55%) and 17% (range 4% to 30%) for quiet 
breathing and panting, respectively). The latter was comparable to the hour-to-hour variability 
as evaluated by the two first measurements on the day with clean air exposure. Due to their 
lower variability, the panting measurements were used as the assessment of SG.w in the analysis 
of the results. 

........ ..... .. ,., l?.q>o l • A Expo2·4 
HONO~d N 

M~ (SB) M~ ,,B) M- (SB) M~ (SB) M- ''"' 
4 ppb 0.346 (.026) 0.302 (.OI.S) 0.296 (.019) -.OU (.022) -.00 (.ffil) >5 

77 ppb 0.313 (.023) 0.326 (.019) 0.290 (.014) .012 {.017) -.00:3 {.022) 15 

39S ppb 0.349 (.00:8) 0.320 (.020) 0.279 {.017) -.029 (.017) -.070 (.024) 15 

Table 4. Sp«i.fic AiTW<I)' CottducllliU:~ (-Ht:-• ,-•). MetJ/1 ...Wu and S.E. ojm..uu,...,mt.s bqi:Jre aproure (Pre-E.qw) and durins aproun (E.rpo l &c 2J. 
l!.-...W~ = ~vabu - Pn-&po-VIlhu.. 

There was no difference between pre-exposure measurements of SG.w between weeks (p = .43, 
repeated measures ANOVA) orbetween exposure levels (p ~ .19, repeated measures ANOVA). 
Analysis of the absolute values (Figures 4,5) did not reveal any effect of exposure leve! (p ~ 
. 87) or runs (p = .116), bu t gav e indications of a possible in teraction between exposure levels 
and runs (p ~ .051). Subsequent analysis using the differential values (figure 6) showeda 
significaot difference between exposure levels (p ~ 0.045) and also a significaot difference 
between the two (pre- and post-exercise) measurements (p ~ .038). The difference between the 
two measurements (exposure l and exposure 2), obtained before and after exercise, 
corresponded to a decrease in conductance (increase in resistance) after exercise. This is an 
expected effect of moderate exercise. However, the in teraction between exposure lev el and 
measurement, which corresponded to a different effect of exercise on SG,w depending upon the 
exposure levet, was not significant (p = .339), even though the mean values showed a trend in 
the direction of a HONO effect on exercise induced SG.w decrease. The difference between 
exposure levels did not show a monotonous dose-response relationship, but rather a beneficial 
effect of the 77 ppb HONO exposure relative to clean air and 395 ppb HONO (Figure 6). 
Therefore, in conclusion there was no valid evidence of a HONO effect on SG.w. 

For SG.w we may estimate a 95% CI for (6.395 - 6.0)post-exen:ise = -0.021 ±0.062 mmHg-ls- 1 

=the in terval from -0.083 to +0.041 mmHg- 1s- 1• The decrease of0.083 earresponds to about 
25% of the pre-exposure values, which should be campared with the 'spontaneous' change in 
mean values of 14% observed with the clean air exposure. 
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Pulmonary function tests 
Data for exposure to 77 ppb HONO was lost for on e session (5 subjects) due to a data 
transmission error. For this reason the analysis was confined to the results obtained during 
exposure to air and to 395 ppb HONO for which we had complete sets of data for all subjects. 
Table 5 lists the mean values and between-subjects S.E.'s for the three measurements during 
each session, as well as mean changes and corresponding S.E. 's. 

p~- -l 
..,., Blq>o l . l>. Bxpo2-.0. 

Mei8U~ HONO 
M~ " M~ " M~ " M~ " M~ SE 

FVC 4 ppb 5.29 .25 5.18 .24 5.25 .20 -.11 "' - ·"' .05 
(L) 

395 ppb '·" .24 S.22 .24 5.29 .25 -.03 " ... .04 

PBV, 4 ppb 4.'" .19 4.0) .20 4.01 20 -.06 04 -.08 .03 
(L) 

395 ppb 4.05 .19 4.04 .18 3.99 .18 -.01 .02 -.06 .04 

PEF 4 ppb MI 29 631 32 628 29 -10 8 -13 7 

(llminutc) 
395 ppb "l 30 .. , " '" 27 

_, 
10 -23 7 

PEI'u 4 ppb 7.92 A3 8.05 .39 8.03 Al .13 .IS .lO 151 
(L/~) 

395 ppb 7.98 Al 8JJI ., 7.13 .40 -'" .12 -.24 ·'" 
'"'· 4 ppb 4.65 .20 4.60 .20 4.67 .28 .O\ '" .02 .Il 
(L/~) 

395 ppb 4.63 .25 4.76 .31 4.50 .27 .13 .IS -.14 .10 

PBF, 4 ppb 1.65 .18 1.60 .17 1.60 .14 -.os .05 -.os .08 
(L/~) 

395 ppb 1..58 .13 uo .13 1.50 .14 -.08 .!fl -.08 .06 

T ab/~ 5. MMSurmtmU ofplllmorrary jiw;tion. as "'""" (&. S.E.) oj Pre-aposure and Durirl:-apwure valuu lllld as "'""" (.&. S.E.) €han&t! from Prt- 10 Durin.g-
aposun. FVC = Forcni lflal OJ{xlcily, FEV1 = Forcni Etpirutory Volume in lsl s~. PEF = Peak Expirt~tory Flow, FEF". FEF,., FEF, = ForcM 
Exptnuory Flow whm 2Slli, SO'lli,ltnd 7.Slli ojf'VC hD.s bun aplnd. 

Only in the case of FEF25 were there indications of an exposure effect with a decrease from 
Exposure l (before exercise) to Exposure 2 (after exercise) of 4.21% in 395 ppb HONO 
compared with a 0.25% decrease in clean air (p = .076). Table 5 shows the mean values 
measured prior to and during exposure for each of the two HONO concentration levels. The 
other parameters showed similar, however very weak and far from significant, tendencies in 
their mean values. Analyses of log-transformed data did not lead to other results. In 
consideration of the number of pulmonary function parameters tested and the risk of committing 
a statistical type I error we conclude that there was no evidence of an exposure effect of HONO. 

For FEV 1 (post-exercise measurements) we may estimate an approximate 95% CI for the 
difference between O ppb and 395 ppb in observed change from pre- to during-exposure 
measurements ( = tJ.39, - Ll.o) equal to ( -0.06 -( -0.08)) ±2*('/2)*0.04 L = 0.02 ±0.12 L 
which is equal to the interval from -0.10 to +0.14 L. A decrease of O. lO L earresponds to 
about 2.5% of the pre-exposure values and an increase of0.14 L to about 3.4%. In comparison, 
the 'spontaneous' change of mean values during clean air exposure was 0.08 L = 2%. 
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Acoustic rhinometry 
Results for the cross-sectional areas and the nasal cavity volume are shown in Table 6 for a few 
selected parameters. Table 6 shows mean values and between-subjects S.E. 's for the three 
measurements (pre-exposure, exposure l and exposure 2) from each session. The table also 
contains the mean changes and corresponding S.E. 's for the two during-exposure measurements 
from each HONO concentration levet. 

...... ,., _, -· Erpoi·A Expol-å 

P•~r HONO M~ (SEJ M= (SE] M= {SB] M~ (sE. J M= (SE.J 

Crou-acelional 
4 "'' 

1.508 l .143] 1.529 l .176] 1.503 l .132] .021 l .1191 -.005 .102] 

Aru[cm'J 3.4 cm 
n"'' 1.679 l .144] 1.610 l .!.55] 1.710 .164] -.069 l .085] 030 .102] into the nose>. 

[L+ R) 395 ppb 1.657 l .165] 1.649 l .139] 1.630 .113] .. w l .1421 -.027 .130] 

MinimAl cross-
4 "'' 

1.288 l .106] 1.276 l .120] 1.206 .102] -.012 (.OU] -.082 l .049] 
w:tiooll Area nwb 1.311 (cm']. [L+R] 

.100) 1.293 l .096] 1.307 .103! -.017 [ .038] -.001 l .050) 

395 ppb 1.280 .1121 1.275 l .081] 1.304 l .095] -.005 [ .056) .024 [ .061] 

TOll!! Nwol 
4 "'' 

20.878 !Lm! 19.959 (1.570] 19.512 (1.387] -.919 [ .961] -1.36{; (1.107) 

Volwnc fem']. 

77 "'' 
20.665 fl.S78] 20.337 l .998] 20.816 [1.031] -.329 [!.008] .!50 (1.250) 

{L+ R) 

395 ppb 20.831 !1.939] 20.791 f .940] 20.598 l .808] -.040 [1.445] -.232 (1.660) 

Mid-N101l Volume 4 ppb 6.299 [ .4011 6,235 f .434] 6.041 l .358] .... l .232] -.258 [ .217( 
[cm'( betwccD 1.0 

77 "'' 
6.467 r .3681 6.373 l .3711] 6.540 r .J92J ··"" l .178) ·'"' [ .1781 

and 4.1 cm irito 
the oote. [L+R) 395 ppb 6.522 l .4711 6.S49 f .368) 6.553 l .3421 .028 l .292] .032 [ .303] 

TtJble 6. Acowlic Rhin.omnry, '""""' Nl<~a lUid si<Wiard error.r {SE} of ltjl + rithJ side mea.rurm~ml.<. Pre-Expo: &fort!: aposure. Erpo l &. 1: During 
aptullN<, hr 1111111N/. htsff of ezp<Murquriod. Expo J d: 2- 4..· Mt>.Ut l'rllua f2nll SE of chim6'lfrotn pre- lo d11ring-upos11re ml!4furon~llsfor Is/ and 2nd 
Mlf if e;rposu.re period. N = 15 for <llJ muurmmmu. 

Significant differences between HONO concentration levels were found for some areas when 
analyzing raw-data, hut these differences included the pre-exposure measurements. Subsequent 
analyses of the differential data gave no evidence of an exposure effect of HONO on the nasal 
mucosa. Furthermore there was no observable trend over the three exposure levels which could 
give indications of an exposure effect. The minimal detectable effect of HONO exposure on 
nasal volume for a test power of 80% (a=5%) was approximately equa1 to a 15% change in 
nasal volume. 

Acoustic rhinometry measures increases in the thickness of the nasal mucosa which are suggested 
to result from inflammation. We hypothesized that any inflammatory reaction in the nasal 
mucosa associated with HONO exposure would lead to an increase in the thickness of the nasal 
mucosa. Challenges with histamine or allergens have been shown to decrease nasa1 volume 
measurably. Decreased nasal volume has also been observed in a study of exposure to a mixture 
of volatile organic compounds (VOC). In this study of lO subjects, decreased nasal volornes 
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were observed after a l hour exposure to 10 mg mg·3 of total VOC, but only at a high 
temperature of 26 •c (M<blhave, et al., 1992). Decreased minimal cross-sectional area, 
suggestive of increased membrane thickness and increased nasal flow resistance was observed 
for all three temperatures tested (18, 22, 26 •q. Other studies with VOC and N02 have not 
found any measurable effects of exposure on nasal vol u me as measured by acoustic rhinometery 
(Mcf>lhave, et al., 1991; Rasmussen, et al., 1990). This measure was included in this study for 
its potential to indicate inflammation in the region (i.e. nasal) where we expect HONO 
deposition to be high. 

Nasal /avage 
The results of the hemocytometer counting are show n in Figure 7. A single sample was lost due 
to a failure in compliance by a single subject. The average recovery of the l O mi salin e was 
7.25 ml (min-max= 2.83-9.31 ). Hemocytometer data was square-root transformed to achieve 
an acceptable distribution for statistical analysis. A repeated multiple analysis of variance did 
not demoostrate an y effect of exposure. Analysis indicated that there ma y have been an effect 
of the week of the exposure on cell counts. Specifically, pre~exposure counts were lowest 
during the first week of the study, and increased over the two next weeks. There was no effect 
of team (ie block effect) nor of gender or age. 

C02 eye provocation test 
The intensity of the irritation response at 4, 8, 16 and 32 were osed for analyses. In the 
multivariale analyses, team effect, gender, and age were considered. An exposure effect was 
observed for the 16% C02 concentration level, however this effect was eaused mainly by the 
females in the group. Mean values, as seen in figure 8, suggesled a dose~dependant increase 
in the intensity of the response to 16% C02 when subjects were exposed to HONO. No team 
or age effect were seen in the analyses. C02 concentration levels of 4%, 8% and 32% did not 
show similar results. This is reasonable if one considers that at the lower C02 levels the 
challenge was not sufficient to produce responses in enough subjects, while at the highest C~ 
Ievel, irritation was so distinct so as to conceal an y exacerbating irrltant effect of HONO. 

These results must be considered with care, since similar findings have not been observed 
previously. Previous studies with the earbon dioxide provocation test (Kjrergaard et al 1990, 
Kja:rgaard, et al., 1991; Kja:rgaard, et al., 1992) suggest that the findings could indicate that 
subjects exposed to the irritant HONO may become more susceptible towards other irritants. 
However these results must be reproduced and an association between increased susceptibility 
in general not only to C~ should be documented. To date, increased susceptibility has only 
been seen experimentall y for n~decane exposures (Kjrergaard, et al., 1990). 

Eye redness 
Results of eye redoess measurements can be seen in Figure 9. There was no significant result 
of the analysis of variance, however indications of an association were seen in a paired t-test 
between the highest HONO exposure and the clean air exposure (Figure 9). 
Based on these analyses we must conclude that we could not demoostrate any significant effect 
of HONO exposure on eye redoess although some evidence of a trend was observed. As the 
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description of eye redoess as an assessment of mucous membrane irritation due to air pollutan t 
exposure is a relatively new technique, our finding suggests that future research using this 
measure rnay be worthwhile. 

Tear fluid cytology 
These data could not be transformed to approximate an y normal distribution. Accordingly, non
parametric tests were used, although this prevenled the analysis of team effects or day of the 
week effects. Counts of PMNs, squamous and cuboidal epithelium showed significant exposure 
effects in Friedman non-parametric tests and dose-related changes in relation to HONO exposure 
levels (Figures 10-12). The cuboidal epithelium showed significant effects for on! y the highest 
exposure levet (Figure 10), while effects were observed at the low and high exposure levels for 
PMNs (Figure 11) and squamous epithelial cells (Figure 12). 

These results suggest the beginning of a inflammatory reaction in the eyes. Changes in epithelial 
cells suggestslight corrosion or desquamatization of the epithelium. The latter may be the result 
of an irritant response invalving increased trans-epithelial permeation of the PMNs since the 
cuboidal cells seems to be present only at the high leve! of exposure. Animal studies of 
irritation (the Draize test) suggest the opposite is the case, however other studies on humans 
have supporled findings of changes in PMNs before changes in epithelial cells (Kjrergaard and 
Pedersen, 1989; Kjrergaard, et al., 1991). 
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Subjective sensations of mucous membrane irritation 
In general the responses were very neutral indicating that the subjects had not felt any strong 
sensation before or during exposures. With the statistkal analytical constraints mentioned in the 
methods section, we found no evidence of an y effect of HONO exposure on subjective sensations 
of mucous membrane irritation. None of the median changes from the pre-exposure response 
exceeded 4 units (the greatest possible change being +/- 100) and the majority of median 
changes did not exceed l unit. Table 7 shows the median response and 95% confidence interval 
prior to exposure and the median change and 95% C. I. for change from pre-exposure to durlog
exposure ratings for a few selected questions. 

..... .,.. Expo l· .å E1pol-.b. ~3-4. Ellpo 4. 4 

HONO Median Median Median Mcdian Median 

(95% C.!.) (95% C.l.J (95% C.l.] (95% C.l.] [95'1 C. l.) 

4ppb 1.6 0.0 o. o O. l 0.3 

[O. l to 4.4] [ -0.4 lo 2.3] [ -O.S to 2.B] [-0.1 to 5.2] [-0.1 to3.5] 

Eye lrri!ation 

77 ""' 
1.9 0.0 0.7 0.2 0.2 

[0.1 to 11.0] [-U toO.!] [-0.41o8.5] [-0.1 to 3.9] [-O.S to 2.6) 

395 ppb u 0.1 0.3 O. l 0.0 
[0.1 to2.5] [ -0,7 to 5.2] [ -0,7 to 9.0] [-O.Ito4.&] [-0.7 to I.S] 

4 "' 
1.0 0.0 0.9 O. l 0.0 

[O. l to 5.6] [ -0.3 to O.S] [0.0 lo 2.4] [-O.Ito 3.6) (-0.9 to 1.6] 

77 ""' 
1.7 o. o O. l 0.0 1.7 

[O. l to 3.0] [ -0.8 lo 0.6] [-O.lto 1.7] [-0.1 to 16.3] [0.0 10 9.1) 

395 ppb 0.8 0.4 0.8 0.0 0.0 

[O. l to 4.5) [-0.2to 1..5[ [-O.Ito4.2] [-l.ltoi.O] [ -0.2 to 3.5] 

4 "' 
0.3 0.0 o. l O. l O. l 

[O. l to 3.7] [ -0.6 lo 0.8] [ -0.4 to 0,9] f-0.4 to 1.4] [-0.1 to 14.0] 

Cougb, peed lll 

77 ""' 
1.4 0.0 0.4 0.0 0.3 

[0.1 to 3.0) [ -0.3 to 0.3] [0.0 lo 1.9] [-0.6101.1] [0.0 to 11.3] 

395 ppb 0.6 0.6 O. l 0.0 O. l 
[0.1 to 2.8[ [ -0.5 lo 1.3] [-0.4!00.7] [ -0.5 to 0.5] [-0.1 to2.2] 

4 ""' 
0.4 O. l 0.8 O. l O. l 

[0.0 10 2.6] [-0.1 to 1.5] [0.1 to U] [0.0 to t .8) [0.0 to 23] 
Nuallrri!atiOD 

77 "' 
1.4 0.0 O. l 0.2 0.2 

[O. l to 2.8] [ -0.3 lo 0.2] [ -0.4 lo 0.6] [ -0.5 lo 3.3] [-0.2103.1] 

395 ppb 1.3 0.0 0.9 -0.1 0.0 

[O. l to 3.5] [ -0.3 to 0.6) [-O.lto6.2) [ -0.9 to 0.4] [-0.9to0.3] 

Table 7. M «fiim Pr~oSilre ratint (Pre-Expo) of subj«liW!' unsOliorujrom mUCO<IS mmbranes tmd mtdia11 change U. ratingfrom Pre-- to Dwring-ap<>Swre 

(Expo 1-4- A). 95% Ccttfidolce !11/a"Val (95% C.J.)forlhe m&liml U.bracUIS bdow mtdian. A posilive mtdiml eliange iiidiea/u illcreas&l irriiOlion. 7111! 95% 

c. J. is bas n/ on the Binnmial distriblllion. 
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Discussion 

Epidemiological and controHed exposure research has indicated that exposure to acidic 
pollutants, particulart y acidic sulfate aerosols, may induce effects on the airways of both normal 
and asthmatic individuals (Spengler, et al., 1990). Furthermore, animal studies have suggested 
that the appropriate parameter for taxicity is the aerosol acidity, rather than the chemical 
composition of specilie acidic compounds (Amdur, et al., 1978). These animal studies also 
suggest that the best measure of dose is the total integrated exposure ( concentration * exposure 
duration) (Lipfert, et al., 1989). Spengler and colleagues (Spengler, et al., 1990) applied this 
principle to the results of controlied human exposure studies and suggesteet that a delivered dose 
of 1200 nmoles of hydrogen ion (H+) was the threshold for the elicitation of measurable effects 
on human asthmatics. Further, doses of this magnitode may be experienced by individuals 
exposed outdoors during multi-hour acid events (Spengler, et al., 1990). Non-asthmatic subjects 
appear to require a dose of 5500 nmoles H+ to elicit measurable airway effects. Considerable 
disagreement remains conceming the pathologically appropriate acidity measurement. Possible 
measures are total available (titratable) H+ and the H+ concentration (pH) of the individual 
aerosol droplets. Utell (1985) reporled a relationship between the pH of equimolar solutions of 
acids of different strengths, in which the most acidic solutions produced the most 
bronchoconstriction. Others suggest that airway respenses are related to total available H+, and 
not just pH (Speng!er, et al., 1990). Hattis, proposes a theoretkal mechanism of acid aerosol 
taxicity implicating the concentration of acidity per aerosol droplet, although his hypothesis has 
y et to be tested experimentall y (Hattis, et al., 1987, 1990). Evaluatian of acid aerosol toxicity 
is complicated further by the effects of aerosol size on deposition, as weil as the effect of 
neutralization of acidity by endogenous ammonia (Larsen, 1989). These factors may vary 
between experimental conditions and between subjects. 

In the present HONO exposure study, the amount of deliverable H+ is estimated to be 16,350 
nmoles, based on a 3.5-hour exposure to 395 ppb HONO, with the subject breathing at a rate 
of 5 L min"1

• This earresponds to an H+ dose which would be equivalent in magnitode to that 
received in a 3.5 hour exposure to 900 ~g m·3 H2S04 • For a HONO concentration of 77 ppb, 
the delivered dose is estimated to be 3180 nmoles H+. Since HONO is high! y water soluble, 
it is assumed that HONO is efficiently absorbed in the airways. lndeed, in measurements on 
two subjects, HONO absorption was found to be >99% (Brauer, et al., 1992). Furthermore, 
thermodynamic data indicate that HONO is unlikely to be neutralized by oral NH3, and therefore 
non-neutralized acidity will be absorbed (Brauer, et al., 1991). 

Despite these estimates of high delivered doses of H+ from HONO exposure, we observed little 
or no airway effects in our pilot investigation. Several possible explanations exist for our 
observations, including the differences in the strength of the two acids, as suggested by the work 
of Utell, et al. (Utell, 1985). H2S04 has a pK, of -3, while the pK. of HONO is 3.3. However, 
even though HONO is a significantly weaker acid than H2S04, at a physiological pH of 
approximately 7, >99% of HONO will be dissociated. Therefore, if HONO and H2S04 were 
delivered to the same regions of the airways, our observations may suggest the importance of 
acid strength in airway effects. However, it is quite unlikely that HONO and H2S04 have 
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similar deposition pattems. H2S04 , being an aerosol, is Iikely to penetrate to the deeper 
airways. ln fact, the irritation mechanism suggesled by Hattis relies on the percentage of inhaled 
acid aerosols which ma y penetrate deeply, while acid aerosols which deposit in the upper 
airways are Iikely to be buffered by mucus (Hattis, et al., 1987, 1990). HONO, being a highly 
water-soluble gas is expected to deposit in the upper airways, in a pattern similar to that 
observed for another acidic gas, S02• 

Assuming that HONOdeposition is rnaini y restricted to the upper airways then it is expected that 
spirometric and airway resistance measures would be largely insensitive to small magnitode 
airway irritant effects. Several measures of eye irritation, did indicate potential inflammatory 
effects associated with HONO exposure. While the clinical significance of these measurements 
is unclear, they may be sensitive indicators of mucous membrane irritation and early 
inflammatory responses, perhaps as a result of reduced buffering capacity in the eyes. Our 
findings suggest that HONO may be irritating to the mucous membranes, although the extent of 
this irritation may be limited to the eyes and nose, with little effect on the rest of the airways. 
As HONO is Iikely to be produced endogenously as inhaled N02 reacts with moist airway 
surfaces, any demonstration of HONO irritation ma y be useful in explaining the mechanism of 
N02 airway effects. 

Our findings of high! y variable, but !arge! y negative effects associated with HONO exposure are 
similar to results typically seen in N02 exposure studies. Therefore, it is unlikely that HONO 
exposures alone can be responsible for exposure misclassification in N02 exposure studies. 
However, the effects of HONO exposures on asthmatics remains to be investigated. N~ 
exposure studies with non-asthmatic subjects also typically find little or no signitkant association 
between N02 exposure and airway effects. Therefore, we recommend that the effects of HONO 
exposure on asthmatics be evaluated in future investigations before the risk of indoor HONO 
exposure can be determined. 
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