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Objectives This study examines possible associations between asphalt fumes and workshift changes in lung
function and symptoms among 170 workers exposed to asphalt fumes.

Methods The workers, were from 5 segments of the asphalt industry, and most of them participated for 2
consecutive workdays. The primary response variables were changes in lung function (measured at the beginning
and end of the shift) and incidence of symptoms (measured before, 3 times during, and at the end of the shift).
Exposure was estimated from breathing-zone samples of total particulate (TP), respirable particulate (RP), the
benzene-soluble fraction of the TP (BSF), volatile hydrocarbons collected on a charcoal tube (VHC), nitrogen
dioxide, sulfur dioxide, formaldehyde, carbon monoxide, and hydrogen sulfide. Ozone and wet bulb/dry bulb
temperature, as a measure of heat stress, were measured as area samples. In addition, daily cigarette smoking was
determined by questionnaire. The exposure-response associations were assessed by both parametric and nonpara-
metric statistical techniques.

Results Overall, no consistent association was observed between an acute reduction in lung function or the
incidence of symptoms and exposure to asphalt fumes. Concentrations in the neighborhood of the maximum levels
constitute no-observed adverse effect levels: TP (<1.5 mg/m® to maximum 6.2 mg/m*), RP (<0.6 mg/m? to
maximum 1.4 mg/m?), BSF (<0.6 mg/m® to maximum 1.3 mg/m?), VHC (<8 mg/m® to maximum 19.8 mg/m?).
There were no exposure-response trends with ozone, heat stress, cigarettes smoked, or length of workday.

Keyterms acute effects, asphalt fumes, benzene-soluble fraction, exposure assessment, heat stress irritation, lung

function, nonparametric statistics, shift study, symptoms, total particulate, volatile hydrocarbons.

Asphalt is a complex mixture containing many high-mo-
lecular-weight organic compounds made by processing
petroleum crude oils. Asphalt composition varies depend-
ing on the end use and the source of the crude oil, refin-
ery processes, additives, and application practices. For
example, over 100 crude oil sources are used in the Unit-
ed States. In the refining process, paving asphalt is gen-
erally made from residuum of the vacuum distillation
process, while roofing asphalts are usually air blown.
Application temperatures vary and are typically 135~
163°C for paving asphalt and 232—275°C for roofing as-
phalt. Asphalt is principally used in the United States
today for road paving (about 87%) and roofing (about
11%) (1). The estimated work force in 1981—1983 was
about 500 000 workers (2).

The current threshold limit value (TLV®) of the
American Conference of Governmental Industrial

Hygienists (ACGIH) for asphalt fumes was set at 5 mg/
m? as the 8-hour time-weighted average (TWA) to “main-
tain good housekeeping conditions and reduce the risk
of possible carcinogenicity” (3). ACGIH (4) is propos-
ing a change of the asphalt TLV® from 5 mg/m? for to-
tal particulate (TP) to 0.5 mg/m3 for the cyclohexane-sol-
uble fraction of inhalable particulate matter (CSF).

The proposed change in the TLV® is based on the
increased mucous membrane and eye irritation found in
several studies. For example, Hervin & Emmett (5, 6)
reported an increased occurrence of conjunctivitis among
roofers exposed to asphalt and coal tar at concentrations
greater than 0.2 mg/m? for the cyclohexane-soluble frac-
tion of total particulate. Both the authors and the work-
ers attributed the conjunctivitis to exposure to coal tar.
Norseth et al (7) reported increased symptoms at aver-
age weekly concentrations of 0.4 mg/m? for the carbon

1 Exxon Biomedical Sciences Inc, East Millstone, New Jersey, United States.

Reprint requests to: Dr John F Gamble, Exxon Biomedical Sciences, Inc, Mettlers Road, CN 2350, NJ 08875—2350, United

States. [E-mail: jfgambl @fpe.erenj.com]

186 Scand J Work Environ Health 1999, vol 25, no 3



disulfide (CS,) fraction of total particulate (CS,F) among
Norwegian pavers. Chase et al (8) reported increased
complaints from workers when the supply of asphalt bal-
last was changed in the manufacture of fluorescent lights.
The concentrations ranged from 0.5 to 1.3 mg/m? “as-
phalt”. However, there was no description of the sam-
pling method, no exposure-response analysis, and no
identification of any etiologic agents.

When the present study was initiated, the only epi-
demiologic study that had evaluated exposure-response
gradients was that concerning Norwegian road mainte-
nance workers (7). In brief, the Norseth et al study re-
ported that symptoms of abnormal fatigue, reduced ap-
petite, laryngeal or pharyngeal irritation, and eye irrita-
tion were more common among asphalt pavers than in a
comparison group of nonasphalt-exposed highway main-
tenance workers. These symptoms were consolidated for
analysis and called the “symptom sum.” Measures of per-
sonal exposure were collected on a group of 79 pavers
to correlate the symptom sum and exposure. The statisti-
cally significant correlations (r) were with ethylbenzene
(r=0.23), 1,2,4 trimethylbenzene (r = 0.31), isopropyl
benzene (r = 0.28), and asphalt temperature (r = 0.22).
The correlation with the CS, fraction of total particulate
was 0.13 (P=0.26). Grouping workers by average fume
exposure (CS,F) was suggestive of a threshold of 0.4 mg/
m? for increased symptoms. Norseth et al (7) recommend-
ed that asphalt temperatures be kept below 150°C and
the CS, fraction below 0.40 mg/m?® to reduce the occur-
rence of symptoms. They did not consider the statisti-
cally significant correlations with solvents to be biologi-
cally plausible because of the very low (<21 ppb) con-
centrations.

The results of the Norseth et al study are difficult to
interpret for several reasons. First, exposure was based
on a weekly average. Symptoms were recorded as the
number of days when each of a dozen or more symptoms
occurred and were collected only at the end of the week.
The specific day of the week a symptom occurred could
not be associated with that day’s exposure, nor could it
be determined whether the workers began work with the
symptom. Second, the postulated exposure-response as-
sociation with the CS, fraction was not statistically sig-
nificant when all 71 workers were included in the analy-
sis. The 0.4 mg/m? threshold was derived from a strati-
fication of 50 open-air workers, with 7 workers in the
0.40 mg/m? group. No monotonic increase in symptoms
was shown by exposure group, but the sequence for the
mean symptom sum was 1.4, 0.9, 1.5, 3.0, and 3.0 from
the low to high exposure groups. Finally, after discovery
of a coding error, a reanalysis of the data is underway to
reassess the association with the CS, fraction.

The study described in this report is a shift study that
includes the following enhancements when compared
with the Norwegian study design:
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° Personal exposure samples were collected on the same
day and during the same time period as the outcome
measures. Added measures of asphalt fumes (such as
TP, RP, VHC) and potential confounding exposures
(such as ozone, heat stress, and gases) were included
as part of the TWA exposure for each shift.

¢ Questionnaires were administered before, after, and 3
times during the shift to determine the percentage of
time a worker was symptomatic. This variable was used
as the symptom outcome variable.

e Changes in lung function over the shift were used as
objective measures of response to exposure.

¢ Five segments of the asphalt industry were included.
This coverage expanded the exposure characteristics of
the work force.

The National Institute for Occupational Safety and
Health (NIOSH) has used a similar protocol for a series
of health hazard evaluations of pavers that compared ef-
fects of conventional asphalt and crumb rubber modified
asphalt (9—15). Some differences from the current study
included a lack of measures of before and after shift
spirometry, and the exposure data were limited to total
particulate (TP), the benzene-soluble fraction of the TP
(BSF), polycyclic aromatic hydrocarbons (PAH), and
smoking,

In summary, this report describes a field study of 170
workers in asphalt-related occupations. The purpose is
to determine the relationships between workplace expo-
sures and acute end points (lung function tests and acute
self-reported respiratory symptoms). The following two
main questions have been addressed: (i) is there an asso-
ciation between short-term exposure to asphalt fumes and
reduced lung function or increased symptoms during the
day and (ii) if there is an association, what is (are) the
responsible component(s) and what is (are) the exposure-
response relationship(s)?

SUBJECTS AND METHODS

The study was usually conducted for 2 days at each site,
with the same workers participating both days. The fol-
lowing five industry segments were included: hot mix
asphalt manufacturing, hot mix asphalt paving opera-
tions, asphalt distribution terminals, roofing manufactur-
ing, and roofing application. At the roofing manufacture
sites, workers with the highest exposure to asphalt fumes
plus a sampling of workers from less-exposed areas (eg,
the warehouse) were invited to participate, up to a maxi-
mum of about 12—13 participants. For other sites, all
available workers were included.

Each worker was monitored for a series of exposures
and responses on each day of participation. Appendix I
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provides a summary of the measured parameters, and
appendix II gives a list of the abbreviations and terms
used in this text.

Exposure measures

Personal monitors were used to measure the average con-
centration of contaminants in the breathing zone of each
participant. They were placed in the breathing zone at
the beginning of each workshift after the administration
of a health questionnaire and lung function test. Person-
al samplers were worn by each of the participants for the
entire work shift and were removed just prior to the post-
shift spirometry measurements (providing approximate 8-
hour or full-shift samples). Personal air monitoring sam-
ples were collected via 2 methods [ie, active sampling
trains (pumps, filters and sorbent tubes) and passive dif-
fusion badges or tubes].

All the sampling equipment was calibrated both pre-
and postshift and inspected at approximately 2-hour in-
tervals during each sampling period. A summary of the
methods is presented in table 1.

Response indicators

Prior to beginning work all the volunteers were informed
about the study, and they signed a consent form. Each
participant’s height and weight were measured, and a
questionnaire was filled out on acute preshift symptoms
to determine the preshift status of the 15 symptom re-
sponses. A minimum of 3 forced expiratory maneuvers
into a spirometer was obtained. The largest forced vital
capacity (FVC), forced expiratory volume in 1 second
(FEV, o) and peak expiratory flow (PEF) were selected
from curves without cough or early termination and with
consistent effort. Other measures of flow were taken from
an acceptable curve with the largest sum of the FVC and

FEV,,, and up to 8 maneuvers were attempted to achieve
the acceptability and reproducibility criteria of the Amer-
ican Thoracic Society (17). If the reproducibility criteria
could not be met, the results were not excluded from the
analysis so as to avoid the bias that can occur when sub-
jects with abnormal lung functions are excluded (17, 18).
The Sensor Medics spirometer used for the analysis
was calibrated before each session in the morning
(preshift) and afternoon (postshift). Room temperature
was recorded for each subject. All the lung function
maneuvers were administered by the same NIOSH-cer-
tified technician. The percentages of change were meas-
ured as 100 times the pulmonary function test (PFT)
change divided by the preshift value, with a negative val-
ue indicating a reduction in the PFT over the shift.
Symptom questionnaires were administered 3 times
during the shift, as well as pre- and postshift. The acute
irritant questionnaire was modified in accordance with
an instrument used in a study of workers exposed to so-
dium borate (19, 20). Questions were asked about symp-
toms assessed by Norseth (7), as were also several “dum-
my” questions (eg, difficulty swallowing, ringing in ears)
for which no association with exposure was expected.

Data analysis

As checks for the validity of the PFT, the age- and height-
adjusted maximum FEV, ; and FVC were compared with
published values from the literature. The literature val-
ues were for a nonsmoking asymptomatic reference pop-
ulation characterized by the presence or absence of self-
reported chronic respiratory symptoms.

The primary analytic strategy was to utilize both par-
ametric and nonparametric statistics. The familiar para-
metric statistics include the results of ordinary least
squares regression for the PFT and logistic regressions
for symptoms. Parametric statistics were considered less
useful in this study as they rely on assumptions of

Tabhle 1. Methods used to collect exposure samples. (NIOSH = National Institute for Occupational Safety and Health)

Exposure

Method

Total particulate (TP)
Benzene-soluble fraction of TP (BSF)
Respirable particulate (RP)

Volatile hydrocarbons (VHC)

Nitrogen dioxide, sulfur dioxide, hydrogen sulfide
Formaldehyde

Carbon monoxide

Background ozone

Wet bulb globe temperature (WBGT)

Modified NIOSH method 0500 (16)
Maditication of NIOSH method 5023 (16)

NIOSH method 0600, modified by use of a prewsighed polytetrafluoro-
ethylene filter and a 2-piece polystyrene cassette

Modified version of NIOSH methods 1500 and 1501, using charcoal
as part of the TP sampling train and a 1 I/min sampling rate

Chemair passive diffusion monitor

GMD passive formaldehyde monitor

Draeger 50/a-D direct reading colorimetric passive dosimetry tube
Factory calibrated Dasbi model 1003-AH ozone analyzer
Reuter-Stokes R55—2110 heat stress monitor
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linearity, no threshold, and a particular distribution of ob-
servations (usually a normal distribution) for each statis-
tical model.

Nonparametric statistics was considered the more
important analysis in this study. Nonparametric tech-
niques, unlike parametric techniques, do not require any
assumptions about variable distributions, the form of the
exposure-response model, or the presence or absence of
a threshold. The results of these analyses are represented
graphically, rather than as the typical regression coeffi-
cients, risk ratios, and P-values of parametric statistics.

Additional analyses were performed to assess the ef-
fect of the repeated measures aspect of the data. The re-
sults clearly indicated no meaningful differences in the
within-person and person-to-person variation. On the
basis of these results, the subsequent analyses ignored the
repeated-measure aspects of the data.

An outline of the analytic strategies used to assess
exposure-response during the shift is presented in table
2, and these strategies are discussed further later.

Pulmonary function measures before and after work

The changes in the PFT measures over the shift were used
to evaluate the possible exposure-response relationships
between the 4 PFT measures and the asphalt fume expo-
sures with possible confounding variables being account-
ed for.

Continuous responses: least-squares regression. We
conducted a standard least-squares regression analysis
with the changes in the FEV, ,, FVC, FEF,;_ s, and PEF
as the dependent variables. The independent variables
were demographic (site, race, gender, age, height, weight,
and smoking status) and exposure (TP, RP, BSF, formal-
dehyde, VHC, carbon dioxide, sulfur dioxide, hydrogen
sulfide, carbon monoxide and total cigarettes smoked on
the study day). The parametric statistical-model

Table 2. Analytic strategy used for the study.
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assumption of normality-distributed residuals was as-
sessed by Wilks' test, and the dependent variables were
transformed using Blom’s transformation (21) where nec-
essary. The adequacy of the model was tested by plot-
ting the model residuals against the independent varia-
bles to assure there were random patterns.

Continuous responses: nonparametric regression. Local-
ly weighted scatterplot smoothing (LOWESS) (22) was
generated for the 4 PFT responses against TP, volatile
hydrocarbons (VHC), BSF, respirable particulate (RP),
cigarettes smoked during shift, hours worked, VHC + TP
and VHC + BSF as the exposure measures. In addition,
a projection pursuit regression technique (23) was used
with the change in FEV, , and several of the independ-
ent variables. This is a multivariate nonparametric ap-
proach analogous to multivariate parametric regression
techniques. These nonparametric approaches have an ad-
vantage over least-squares regression and analysis of var-
iance in that no assumption is necessary about the shape
of an exposure-response association. As a result, the pres-
ence or absence of a threshold can be determined visual-
ly. Confidence intervals were generated for the LOW-
ESS regressions using the bootstrap technique (24). A
fuller discussion of these methods is available from the
authors.

Dichotomous responses: logistic regression. Logistic re-
gression was used to assess whether the exposure was
associated with biologically important changes in PFT
among the susceptible workers by evaluating the expo-
sure-response, where the response variable was a cut-
point below which the PFT might be considered “ad-
verse” on an individual level. In this report, an “adverse”
effect was considered to be a decrement of greater than
10% for a change in FEV,, and FVC, and greater than
15% for a change in PEF and FEF,, .5 (25—32).

Analysis

Comments

Analyzis of changes in pulmonary function test (spirometry) (PFT) measures

over the shift (APFT)

Gontinuous responses
Least-squares regression

Nonparametric regression
Dichotomous responses
Logistic regression

Analysis of symptoms during shift

Individual symptoms and symptom sum

Logistic regression
Nonparametric regression

Investigate or test for exposure-response functions for exposure
measures versus objective lung function measures, with consideration
of potential confounders

Analysis with and without considering repeated measures aspect of
subjects
No assumption of model-specific exposure-response

Employ a cutpoint below which pulmonary function could be considered
“adverse”

Investigate or test for exposure-respnse functions for exposure
measures versus irritation symptoms, with consideration of potential
confounders

Calculate a score for each of 15 symptoms for each subject, and a
summary measure for individuals

Separate analyses, for several of the symptoms and the symptom sum
Analysis of symptom sum without assumption of model form
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Logistic regression analyses were employed using the di-
chotomous PFT variables as the dependent variables and
the asphalt fume components and confounders as inde-
pendent continuous variables.

Symptoms during the shift

Only incident symptoms that arose during the work shift
were included in the exposure-response analysis. The
worker was asked if he or she was experiencing (or had
experienced since the previous interview that day) any
of 15 symptoms, and whether the symptoms, if present,
were mild, moderate, or severe. The interview was con-
ducted at 5 time points: at the start of the shift, 2 hours,
4 hours, and 6 hours into the shift and at the end of the
shift. If a worker began the shift with a particular symp-
tom, the presence of that symptom was not counted until
he or she experienced at least 1 period without the symp-
tom; for the initial symptoms neither the symptom nor
the time periods were counted in the final response meas-
ure. If there were any missing data for a period, no score
was calculated for that subject and symptom for that day.

The resulting symptom score was the incidence of
each symptom expressed as a fraction between 0 and 1
(hours with symptom/hours at risk). For example, if a
worker developed a symptom only during the last 2 hours
of the shift and did not have the symptom during the first
6 hours of the shift, the score was 0.25 (2/8). If the worker
came to work with the symptom and did not have it at
the end of the first 2-hour segment, but developed it dur-
ing the last 2 hours of the shift, the score was 0.33 (2/6).

An overall symptom sum was generated as the sum
of the 15 individual symptom scores with a potential
range from zero (no symptoms all day) to 15 (all symp-
toms all day). The symptom sum may have been inap-
propriate, as it included a wide variety of symptoms,
some of which had a different etiology and thus reduced
the likelihood of detecting an exposure-response trend.
However, because of the low incidence of symptoms
overall, the symptom sum was an attempt to increase the

statistical power of the analysis, and it is, in some ways,
analogous to the symptom sum used by Norseth et al (7).

Individual symptom and symptom sum: logistic regres-
sion. A series of cumulative odds logistic regressions
[Armstrong & Sloan (33), also known as a proportional
odds model by McCullagh & Nelder (34)] was performed
with the symptom sum or the individual symptom score
as the dependent variable, and the 17 asphalt fume com-
ponents and potential confounders as independent varia-
bles. The discrete form of the model was used so that a
specific response form did not need to be assumed.

For the symptom sum the responses were categorized
into 6 groups of roughly equal frequency (k = 6); for the
individual symptom score analyses the responses were
categorized into 4 groups (k = 4). The resulting meas-
ures from these analyses were adjusted relative risks.

Individual symptom and symptom sum: nonparametric
regression. The nonparametric regression used a 2-vari-
able locally weighted scatterplot smoothing (LOWESS)
technique for symptom sum plotted against TP, RP, BSF,
and VHC. A 95% confidence interval (95%CI) was gen-
erated for the LOWESS plots using the bootstrap tech-
nique (24).

RESULTS

Industrial hygiene findings

The industrial hygiene exposure monitoring results are
summarized in table 3 for each industry segment, and
they are visually displayed in the exposure-response re-
sults. The exposure variables were generally skewed and
therefore suggested a lognormal distribution. The maxi-
mum concentrations of TP, RP, BSF, and VHC were
6.16, 1.38, 1.32, and 19.8 mg/m?, respectively. The con-
centrations of sulfur dioxide, nitrogen dioxide, hydrogen
disulfide, and formaldehyde were near or below the

Tahle 3. Personal exposures and industry segment. (HMA = hot mix asphalt manufacturing, GM = geometric mean , GSD = geometric

standard deviation)

HMA (N=20) Asphalt distribution Roofing manu- Roofing HMA paving
terminals (N=47) facturing (N=77) application (N=60) operations (N=80)
GM  GSD Maximum GM GSD Maximum GM  GSD Maximum GM  GSD Maximum GM  GSD Maximum
Total
particulate (TP) 045 191 131 019 243 251 060 218 6.16 034 8305 273 033 218 166
Respirable
particulate (RP) 010 253 060 006 166 016 0.08 223 056 014 252 138 010 278 1.08
Benzene-soluble
fraction (BSF) 006 174 014 005 207 132 008 223 132 012 271 123 0.09 257 0865
Volatile hydro-
carbons (VHC) 106 240 628 158 341 1980 070 226 873 030 441 671 038 475 772
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level of detection. Data below the limit of detection were
replaced by the limit of detection divided by the square
root of 2. (The mean exposures are summarized in ap-
pendix III by job groupings in each industry segment and
are available in more detail from the authors.)

Ozone data were collected in the general work area
but away from the asphalt fume sources. For inside op-
erations, such as sites manufacturing asphalt roofing
material, the ozone data were from inside the work area.
For outside work segments, such as paving and roofing,
the ozone data represent outside ambient air. The maxi-
mum ozone level was 92 ppb, which occurred at a roof-
ing application site in July. The TLV® for ozone is 100
ppb (ceiling).

Wet bulb globe temperature (WBGT) readings were
taken outside, in sunlight if the subjects were working
outside. The TLV® values for heat exposure vary de-
pending on the work load. For continuous work with a
heavy work load (eg, pick and shovel work), the TLV®
is 77°F (25°C). For a continuous moderate work load
(walking about with moderate lifting and pushing), the
TLV® is 80°F (27°C). For a continuous light work load
(sitting or standing to control machines, light hand or arm
work), the TLV® is 86°F (30°C). Asphalt jobs can cov-
er the full-range of physical activity.

During 33 days of the data collection heat exposure
was above the TLV® values on several occasions, as
noted in table 4.

Study population: descriptive

Table 5 presents personal, demographic, and symptom
information for all the subjects. There was a total of 170
subjects, 7 of whom were women. One-third of the co-
hort was black, and two-thirds were white or Hispanic.

Gamble et al

There were 288 person-days of observation, and the dis-
tribution of workers and number of person-days of ob-
servation by industry segment were as follows: paving
(32.4% of the subjects, 82 person-days); roofing manu-
facturing (25.3% of the subjects, 77 person-days); roof-
ing application (21.8% of the subjects, 62 person-days);
terminals (14.1% of the subjects, 47 person-days); and
hot-mix asphalt manufacturing (6.5% of the subjects, 20
person-days). There were only small differences in the
mean age, height, and weight between industry segments.
Nearly 60% of roofers were black, followed by 40% in
roofing manufacturing, 24% in paving, 17% in terminals,
and 9% in hot-mix asphalt manufacturing facilities. The
number of nonsmokers and smokers overall was similar
(42.4% and 38.8%, respectively) with only 32 (18.8%)
being ex-smokers. However, the smoking prevalence var-
ied as follows by industry segment: hot-mix asphalt man-
ufacturing = 54%; roofing application and manufactur-
ing = 43% and 44%; paving = 38%; terminals = 17%.

The average base-line values for FEV,, and FVC
were slightly above the expected values for all the smok-
ing categories except the FEV, ,, which was 93% of the
predicted (race-, age- and height-adjusted); this finding
indicates some airway obstruction among the smokers,
as expected.

The mean percentage of time (average symptom
score) the workers were symptomatic ranged from <1%

Tahle 4. Cases of excessive heat during 33 days of the data col-
lection.

Threshold limit values® Days  Sites

for continuous work (N)

Heavy work (77°F; 25°C) 13 5 paving, 5 roofing application,
3 roofing manufacturing

Moderate work (80°F; 27°C) 11 2 roofing manufacturing, 5
roofing application, 5 paving

Light work (86°F; 30°C) 6 2 paving, 4 roofing application

Table 5. Summary of demographic characteristics of the asphalt worker cohort. (FEV, , = forced expiratory volume in 1 second, FVC =

forced vital capacity)

All
Na % Mean SD Range Predicted FEV,, (%) Predicted FVC (%)
Mean SD Mean SD
Gender
Female 7 4.1
Male 163 95.9
Race
White 107 62.9 .
Black 56 32.9 .
Other 7 4.2 . . .
Age . . 38.6 12.6 18—76
Hours worked . . 8.5 1.7 45—17.5
Smoking
Nonsmoker 72 42.4 100 16.9 102 16
Ex-smoker 32 18.8 100.8 19.2 108.7 16.6
Smoker 66 38.8 93.2 15.4 102.0 1.7

2 Number of study participants = 170.
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Table 6. Mean symptom scores for the asphalt cohort. (Percent-
age of time with symptoms)

Symptom Mean symptom score (%)
Eye irritation 3.1
Nose irritation 4.1
Three or more sneezes in a row 2.4
Nosebleed 0.4
Throat irritation 5.4
Coughing 54
Difficulty in breathing 3.2
Headache 4.5
Dizziness 1.2
Nausea 1.1
Itching skin 1.1
Ringing in ears 0.9
Unusually tired 2.0
Loss of appetite 0.5
Difficulty swallowing 0.3
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to 5.4%. The lowest symptom rates (<2%) included swal-
lowing difficulty, nosebleeds, loss of appetite, ringing
ears, and nausea. Note that ringing ears and difficulty
swallowing were “dummy” variables that were thought
to be unrelated to exposure. The most common symp-
toms (>3%) included breathing difficulty, nose irritation,
headache, throat irritation, and coughing (table 6). Prac-
tically all the symptoms were mild in severity, and none
showed any association with a reduction in lung func-
tion over the shift (figure 1). (Data on individual symp-
tom scores are available from the authors.)

Exposure-response findings

The purpose of this section was to determine whether any
associations existed between the measures of response
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Figure 1. Symptom sum versus the percentage of change in the forced expiratory volume in 1 second (FEV%), the percentage of change in the
forced vital capacity (FYC%), the percentage of change in the average forced expiratory flow rate between 25% and 75% of the FVC (FEF,;_7%),
and the percentage of change in the peak expiratory flow rate (PEF%) with the Kendall correlation coefficients. (See appendix 3 for an explanation

of the industry segments)
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(PFT change, symptoms) and the measures of asphalt
fumes (eg, TP, RP, BSF, VHC) while accounting for po-
tential confounding variables (eg, cigarettes smoked dur-
ing the shift, nitrogen dioxide). A causal association was
considered likely if there was a trend for reduction in lung
function (or an increase in symptoms) as exposure in-
creased. In this type of internal comparison, “referents”
are the persons with minimal-to-low exposure. The
changes in FEV,, was considered the most important
PFT measure of effect, and BSF and VHC were the most
specific measures of asphalt fumes.

When independent variables are highly correlated, it
is difficult to disentangle individual effects. In addition,
if nonasphalt pollutants (eg, cigarette smoke) cause a
measurable response or are at relatively high concentra-
tions, it may be difficult to evaluate individual effects.
The largest correlation coefficient (r) between the inde-
pendent variables was 0.51 for sulfur dioxide and nitro-
gen dioxide. However, since the concentrations for these
2 variables were generally at or below the limit of detec-
tion, any response associated with them would have been
too small to measure reliably. The correlations between
RP and BSF, TP and BSF, TP and RP were 0.44, 0.47,
and 0.47, respectively. Thus the effects of these expo-
sure measures were not completely independent. The
change in FEV, ;% and FEF,;_ ;5% had a correlation of
0.70, so, to some extent, these 2 measures of lung func-
tion measured a similar response. The preceding corre-
lations are nonparametric Kendall correlations, which are
based on ranks.

Changes in the pmulmonary function fests over
the shift

Continuous responses

Least-squares regression. This parametric technique
evaluates whether there is a relationship between indi-
vidual measures of changes in PFT and the combined
exposure variables while adjusting for potentially con-
founding variables. The modeling results are presented
in table 7 on pages 194—195.

The changes in the FEV, , FEF,;_;, and PEF meas-
ures were transformed by Blom’s method to achieve a
normal distribution of the residuals. The change in the
FVC was the only response variable with a statistically
significant model F statistic (P<0.05). However, all 17
independent variables only explained 17% of the vari-
ance in the change in FVC (model R? = 0.17). The varia-
bles VHC and sulfur dioxide were dropped from the mod-
el to achieve a larger sample size (N=245); the resulting
R? was 0.14. In both the full and reduced models the only
significant term was the worker’s age (P<0.001
and P<0.0002) (ie, there was no exposure variable
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significantly associated with the change in FVC or any
other measure of the change in PFT).

No apparent association between the asphalt expo-
sures and changes in pulmonary function were observed,
and the model R? values were generally <0.15, indicat-
ing that the independent exposure variables in the model
provided little information to explain the variability in
the PFT response.

Nonparametric regression. The LOWESS regression
analyses assessed the relationship between the 4 meas-
ures of change in PFT considering only 2 variables at a
time; no adjustment for confounders was possible. How-
ever, no consistent reductions in the PFT were associat-
ed with any exposure variable or potentially confound-
ing variable. The possible exceptions have been visually
displayed in figures 2—>5 on pages 194—197, and they
have been summarized in words.

The FEV, , was reduced ~5% at BSF concentrations
greater than 0.6 mg/m? due to 3 data points at concentra-
tions of 1.1 to 1.32 mg/m?®. The highest concentration was
1.34 mg/m3 in roofing manufacturing, but the FEV, ; for
this worker increased 3% over the shift. The FEV, , was
reduced about 1—3% at VHC concentrations between
about 6 and 18 mg/m?. However, the 95% bootstrap con-
fidence intervals always included a change in FEV, (%
of zero, except for VHC concentrations between about 6
and 16 mg/m?>. Nine of the 14 observations at VHC con-
centrations above 6 mg/m* were for terminal workers,
some of whom were office workers (including the maxi-
mum VHC concentration).

The FVC was reduced about 3% at VHC concentra-
tions of >10 mg/m?, VHC + BSF concentrations of >8
mg/m3 and VHC + TP concentrations of >12 mg/m?, with
4, 6, and 6 observations, respectively. The regression
curves for the change in FEF,;_,; and PEF never dropped
below the zero change.

There were no reductions in PFT associated with ei-
ther cigarettes smoked during the shift or hours worked
during the shift. No association was observed between
the change in PFT and the mean and maximum values
for the independent variables of ozone and WBGT. These
data for the change in FEV, (% are displayed in figure 6
(page 198). The concentration of the other gases (nitro-
gen dioxide, sulfur dioxide, formaldehyde, hydrogen di-
sulfide) were considered too low to produce a reduction
in lung function, and carbon monoxide had no direct ef-
fect on lung function.

No consistent decreases in pulmonary function (TP,
RP, BSF, and VHC) were associated with increases in
individual measures of exposure to asphalt fumes.

Projection pursuit nonparametric analysis. Multivariate
nonparametric regression analyses (23) were used

to test for the effects of several exposure variables
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Table 7. Least squares regression results — analysis of variance for 4 responses, all independent variables. [FEV, , = forced expiratory volume in 1 s, FVC

Source Degrees AFEV,
of
freedom Sourcedf  FvaluePrsF  Sourcedf  Fvalue Pr>F
Model 22 1.230.23 Model 20 1.36 0.15
Error 168 Error 224
Total 190 R-Sq=0.14 Total 244 R-Sq=0.11
F value Pr>F F value Pr>F
Site 4 0.16 0.96 048 0.75
Gender 1 1.54 0.22 0.91 0.34
Race 2 1.56 0.21 1.82 0.16
Age 1 3.73 0.06 4.63 0.03
Height 1 0.10 0.75 0.78 0.38
Weight 1 2.12 0.15 0.26 0.61
Smoker 2 0.27 0.76 0.72 0.49
Total particulate (mg/m?) 1 0.22 0.64 3.76 0.05
Respirable particulate collected using a cyclone sampler (mg/m?3) 1 1.25 0.26 0.24 0.63
Benzene soluble fraction of the total particulate (mg/m?) 1 5.84 0.02 4.31 0.04
Formaldehyde 1 0.08 0.78 0.00 0.97
Volatile hydrocarbans collected using a charcoal tube (mg/m?) 1 0.15 0.70 . .
Nitrogen dioxide (ppm) 1 1.74 0.19 0.19 0.66
Sulfur dioxide (ppm) 1 1.04 0.31 . .
Hydrogen sulfide (ppm) 1 0.50 0.48 175 0.19
Carbon monoxide (ppm) 1 0.00 0.96 1.89 0.17
Cigarettes 1 0.00 0.97 0.29 0.59
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Figure 2. Univariate and muitivariate nonparametric regression of the percentage of change in the forced expiratory volume in 1 second (FEV, %)
versus the total particulate (TP), respirable particulate (RP), benzene soluble fraction of the TP (BSF), and volatile hydrocarbons (VHC) with the
bootstrap 95% confidence interval. (See appendix 3 for explanation of industry segments.)
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ed vital capacity, FEV,s_,5 = average forced expiratory flow rate between 25% and 75% of FVC, PEF = peak expiratory flow rate, A = change)

ARVC AFEVs 45 APEF

cedf Fvalue PrsF Sourcedf Fvalue PrsF Source df Fvalue Pr>F Source df F value Pr>F Source df Fvalue Pr>F Source df F value Pr>F
3122 162005 Model20 1.840.02  Model22  1.370.14 Model 20 1.47 0.09 Model 22 1.190.26 Model 20 122024
168 Error 224 Error 168 Error 224 Error 176 Error 229

190 R-Sq=0.17 Total244 R-Sq=0.14 Total190 R-Sq=0.15 Total 244 R-8q=0.12 Total 198 R-Sq=0.13 Total 249 R-Sg=0.10

18 Pr>F Fvalue Pr>F Fvalue Pr>F Fvalue P>k F value Pr>F F value Pr>F
0.82 0.62 0.65 172 0.15 1.10 0.36 0.36 0.83 0.69 0.60
0.48 0.63 0.43 0.71 0.40 427 0.04 0.26 0.61 0.08 077
0.31 0.84 0.44 3.88 0.02 5.09 0.01 0.35 0.70 3.34 0.04

! 0.01 14.75 0.01 0.04 0.84 0.02 0.89 1.10 0.30 0.35 0.55
0.73 0.09 0.77 0.01 0.94 0.32 0.57 0.93 0.34 0.37 0.54
0.81 0.05 0.81 2.42 012 0.67 0.41 313 0.08 1.89 0.19
0.23 1.23 0.30 0.74 0.48 1.19 0.31 0.02 0.98 0.72 0.49
0.61 0.28 0.60 0.26 0.61 2.59 0.1 1.10 0.30 0.1 0.74
0.17 0.12 0.73 0.00 0.98 0.01 0.90 0.81 0.37 1.37 0.24
0.74 0.04 0.84 4.27 0.04 3.00 0.08 4.14 0.04 1.06 0.30
0.36 1.00 0.33 (.08 0.78 1.13 0.29 1.79 0.18 0.67 0.41
0.79 . . 1.34 0.25 . . 1.00 0.32 . .
0.16 0.07 0.79 0.51 0.48 0.25 0.62 0.61 0.44 0.43 0.51
0.65 . . 2.23 0.14 . . 0.20 0.65 . .
0.29 3.1 0.08 0.66 0.42 0.34 0.56 2.86 0.09 2.73 0.10
0.72 0.27 0.60 2.91 0.09 3.68 0.06 3.63 0.06 1.58 0.21
0.15 1.35 0.25 2.54 0.11 0.18 0.67 0.08 78 0.99 0.32
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Figure 3. Univariate nonparametric regression of the percentage of change in the forced vital capacity (FVC%) versus the total particulate (TP),
respirable particulate (RP), benzene soluble fraction of the TP (BSF), and volatile hydrocarbons (VHC). (See appendix 3 for an explanation of the
industry segments.)
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Figure 4. Univariate nonparametric regression of the percentage of change in the average forced expiratory flow rate between 25% and 75% of
the forced vital capacity (FEF,;_s%) versus the total particulate (TP), respirable particulate (RP), benzene soluble fraction of the TP (BSF), and
volatile hydrocarbons (VHC). (See appendix 3 for an explanation of the industry segments.)

simultaneously. A model was estimated using the the missing data, and a low variation in the exposures, the
change in FEV, ; and the independent exposure variables concentrations of formaldehyde, nitrogen dioxide, and
of RP, TP, BSF, VHC, and cigarettes smoked during the hydrogen sulfide were not included in the model either.

shift. A plot of the projection pursuit (multivariate) pre- When they were included, they gave inconsistent mathe-
dicted response for the change in FEV, (% and the LOW- matical results (abnormally large parameter estimates and
ESS (univariate) predicted response versus TP, RP, BSF, associated standard errors). Based on the score statistic
and VHC is presented in figure 2. (a measure of the reduction of the log likelihood), none

The model did not indicate a significant relationship of the models indicated statistically significant associa-
between any independent exposure variable and the the tions between the APFT measures and the independent

change in FEV, . One and 2 direction models were {it, variables in the model.

and neither form was statistically significant. No apparent associations were observed between “ad-
) verse” reductions in pulmonary function and exposure to

Dichotomous responses any measured exposure variables.

There were relatively few workers with adverse responses
below the cutpoints of -15% for the change in FEF,;_
and PEF and of -10% for the change in FEV, ;and FVC Symptoms duing the shift
(figures 2—5). The variables of site, gender, and race
were dropped because “adverse” responses were not The severity of the symptoms could not be analyzed as
found in all categories of these variables. Because of | most of the symptoms were absent or mild in nature.
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industry segments.)

Symptom sum

Logistic regression. The sum of the symptom scores was
categorized into 6 groups of roughly equal size. As a first
step, 2 separate models were fit. A model which met the
proportional odds assumption was fit with the demo-
graphic variables smoker, gender, site and height; the
variables race, age, and weight were excluded as they
were not statistically significant or caused the model to
violate the proportional odds assumption. Then the ex-
posure variables were fit in a separate model. Formalde-
hyde was excluded because it had unreasonable parame-
ter estimates and did not meet the proportional odds as-
sumption. The terms from both models were used in a
newly formed third model. After dropping smoking sta-
tus, nitrogen dioxide, sulfur dioxide, hydrogen sulfide,
and carbon monoxide as not statistically significant, a
model which met the proportional odds assumption was
formed. The final model was significant at P<0.001 by
the score test. These results are summarized in table 8

(page 198). The statistically significant terms of the mod-
el were female gender, site (roofing manufacture versus
hot mix asphalt), and cigarettes smoked during shift (RR
= 1.06 for each additional cigarette).

No apparent or consistent associations were observed
between the symptom sum and exposure to asphalt fumes
according to the parametric statistical analyses.

Individual symptoms

Logistic regression. Each symptom score was categorized
into 4 groups of roughly equal size. For the individual
symptom analyses, only the 4 symptoms with incidence
rates of 4% or more of the time with the symptom were
studied individually with logistic regression analyses. To
allow the models to converge, some variables were
dropped from the model. For the nose irritation model,
work location, gender, BSF, formaldehyde, hydrogen
sulfide, sulfur dioxide, and nitrogen dioxide were
dropped. For throat irritation, gender, RP, BSF and
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smoked, and hours worked. (See appendix 3 for an explanation of the industry segments.)

Tahle 8. Logistic regression results for the symptom sum scores. (OR = odds ratio, 95% Cl = 95% confidence interval)

Variable Degrees Parameter  Pr>chi-square OR 95% Cl
of freedom estimate

Gender 1 2.05 0.01 7.75 1.94—30.99
Pavers versus hot-mix asphalt manufacturing 1 0.80 0.18 2.23 0.69—7.15
Roofers versus hot-mix asphalt manufacturing 1 1.07 0.08 2.93 0.86—9.91
Roofing manufacturing versus hot-mix asphalt manufacturing 1 1.68 0.01 5.36 1.66—17.32
Terminal versus hot-mix asphalt manufacturing 1 0.74 0.26 2.09 0.58—7.61
Height 1 0.09 0.08 1.10 0.99—1.22
Total particulate (mg/m?) 1 -0.11 0.63 0.89 0.57—1.41
Respirable particulate collected using a cyclone sampler (mg/m?) 1 1.37 0.12 3.93 0.70—21.96
Benzene soluble fraction of the total particulate (mg/m?) 1 1.29 0.16 3.63 0.59—22.38
Volatile hydrocarbons collected using a charcoal tupe (mg/m?) 1 -0.03 0.61 0.97 0.85—1.10
Cigarettes 1 0.06 0.02 1.06 1.01—1.12
Significance of score test,P 0.0001

hydrogen sulfide were dropped. For coughing, working
at a terminal was combined with working in hot-mix as-
phalt manufacturing; gender, RP, and hydrogen sulfide
were dropped. For the headache analyses, location of
work, gender, hydrogen sulfide, formaldehyde and

198 Scand J Work Environ Health 1999, vol 25, no 3

nitrogen dioxide were dropped.

Analyses of prevalence for each of the 4 symptoms
were also done using only presence or absence of the
symptom. These analyses provided a further test for an
exposure-response relationship and required fewer



assumptions. The R? values were all <0.15 for the final
models. No statistically significant associations were ob-
served by either analysis (table 9).

None of these analyses indicated that any asphalt
fume exposure variable was statistically significantly re-
lated to the incidence or prevalence of the symptom be-
ing tested with parametric statistical techniques.

Nonparametric regression. Plotting symptom sums ver-
sus asphalt fume exposure variables (figure 7, page 200)
showed essentially a flat pattern indicating no exposure-
response relationship. The total particulate and respira-
ble particulate plots showed a slight increase in the symp-
tom sum at higher exposures on the basis of the influ-
ence of 2 data points in each case. However, these ob-
servations are at the extreme high end of the exposure
scale, and yet the symptom sums were still low. A simi-
lar case was found for VHC, except there was only 1
point exerting the influence.

The nonparametric regression analyses indicated that
none of the exposure variables for asphalt fumes were
associated with the symptom sum.

DISCUSSION

This study was designed to determine whether there was
an exposure-response relationship between measures of

Gamble et al

asphalt fume exposure and health outcomes. A probable
work-related response was considered likely if the PFT
was reduced during the shift or the incidence or severity
of symptoms became greater as exposure increased. No
exposure-response trends were observed, and therefore
no apparent work-related adverse health outcome was
apparent in association with exposure to asphalt fumes.
Since there were no associations of health outcome with
exposure, no adverse effect level was determined and no
component of asphalt fumes could be identified as caus-
ing an effect.

There were negligible exposures to potentially con-
founding pollutants from nonasphalt or background
sources (ie, nitrogen dioxide, sulfur dioxide, carbon mon-
oxide), and no effect of other confounders (ozone, ciga-
rettes, heat stress, hours worked) on changes in lung func-
tion or symptoms.

Strengths and limitations of this shift study

This study has several advantages that allow for some
unambiguous conclusions. The response variables in-
clude objective (changes in lung function) and subjec-
tive (symptoms) measures of acute health outcomes and
a comprehensive assessment of exposure. The changes
in lung function included measures of both large and
small airway obstruction. The incidence of acute,

Table 9. Logistic regression results for individual symptom scores. (df = degrees of freedom, PE = parameter estimate, P =
pr>chi-square, OR = odds ratio, HMA = hot-mix asphalt manufacturing)

Variable df Nose irritation Throat irritation Coughing Headache

PE p OR PE P OR PE P OR PE P OR
Current smoker 1 118 009 327 067 042 195 009 089 1.10 -044 061 0.65
Former smoker i -016 086 086 -0.27 076 076 -040 061 067 019 082 1.21
Black 1 024 065 127 0.05 094 105 032 056 138 -1.06 018 0.35
Hispanic 1 123 024 341 -157 025 021 026 083 130 026 084 1.29
Pavers versus HMA 1 - - - 086 048 235 - - - - - -
Roofers versus HMA 1 - - -1.55 036 0.21 - - -
Roofing manufacturing versus HMA 1 - - 155 021 470 - - - -
Terminal versus HMA 1 - - - 050 070 1.64 - - - - - -
Age 1-0.009 069 099 -0037 022 09 0002 095 1.00 -0.03 030 0.97
Height t 009 039 109 -0026 079 098 013 024 114 034 002 1.40
Weight 1 0003 070 100 002 003 1.02 -0.006 046 099 -0.01 012 0.99
Total particulate (mg/m?3) 1t 016 061 117 060 024 181 -018 073 0.84 021 073 1.23
Respirable particulate (mg/m3) 1 170 010 549 - - - - - - 130 038 3.66
Benzene soluble fraction (mg/m?) 1 - - - - - - 024 088 128 -090 060 041
Formaldehyde 1 - - - =339 073 0.03 -262 080 0.07 - - -
Volatile hydrocarbons (mg/m?) 1t -0.05 071 095 -003 077 097 -011 049 090 0.01 087 102
Nitrogen dioxide (ppm) 1 - - - 379 053 44141 122 070 030 091 027 249
Sulfur dioxide (ppm) 1 - - -422 014 002 1.00 048 272 - - -
Cabon monoxide {(ppm) 1 004 062 104 005 058 1.06 -0.03 077 097 0.004 097 1.00
Cigarettes smoked i -0.03 062 097 -011 030 090 0.03 067 103 0.02 079 102
Significance of score test, P 0.28 0.72 0.98 0.55
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Figure 7. Univariate nonparametric regression of the symptom sum versus the total particulate (TP), respirable particulate (RP), benzene soluble
fraction of the TP (BSF), and volatile hydrocarbons (VHC) with the bootstrap 95% confidence interval. (See appendix 3 for an explanation of the

industry segments.)

reversible symptoms was determined at several time
points over the shift so there should have been no recall
bias.

Exposure was estimated from personal samples from
all the participants, with due consideration to the meas-
urement of known potentially irritating substances. Per-
sonal samples from the workers’ breathing zones were
obtained for all suspected irritating substances to allow
adjustment for potential confounders, to determine the
most sensitive and appropriate method for sampling as-
phalt fumes, and to determine exposure-response gradi-
ents.

This study incorporated a large number of subjects,
more than is usually associated with a shift study. De-
spite the large sample size, the ability to estimate mean-
ingful changes at higher concentrations was limited be-
cause of the few data points at higher concentrations. The
design allowed measures of change over the shift, and
this feature increased the precision of the response. The
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samples were drawn from the major segments of the in-
dustry under a wide variety of conditions. Volunteer bias
was not a problem as there was 100% participation at
every location.

A wide range of statistical techniques was utilized in
the analyses, each complementing the others in the test-
ing for associations. Where possible, the analyses were
both parametric and nonparametric, and both univariate
and multivariate. The data were analyzed both as con-
tinuous responses and as ordinal categories. The conclu-
sion of no significant findings is strengthened by the vis-
ual presentation from the nonparametric analyses, as the
results are transparent and not seen darkly via simplified
statistical models.

This study precisely measured exposure-response re-
lationships, and the lack of such an association was clear,
unambiguous, and unaffected by any known confound-
ers for both PFT and symptoms. Potential confounders
in high enough concentrations to measure (eg, smoking,



ozone, heat stress) were not associated with a response,
and the remaining potential confounders (eg, nitrogen
dioxide, sulfur dioxide, formaldahyde) were at or below
the limits of detection. Since no exposure-response rela-
tionships were present, a lowest observed adverse effect
level (LOAEL) could not be determined.

The lack of an exposure-response gradient may have
been due to low exposures. However, the exposures in
this study appear to have been comparable to the expo-
sure assessment study of Hicks (35) and the NIOSH stud-
ies of conventional asphalt (9—15) (table 10). The ex-
posures represent the exposures of current workers in the
field; efforts were made to find workers at the highest
exposure levels.

The lack of an exposure-response relationship be-
tween the health outcomes and exposure variables did not
allow a determination on empirical grounds as to the most
appropriate sampling parameter for asphalt fumes. Nei-
ther did it allow for an estimate of the lowest observed
adverse effect level. No adverse effects were apparent
even up to the maximum concentrations. However, the
data were sparse at higher concentrations. These findings
indicate that the no adverse effect levels (NOEL) for
changes in the PFT and symptoms were clearly above
concentrations of 7.5 mg/m3 for TP, 0.6 mg/m? for RP,
0.6 mg/m? for BSF, and 8 mg/m? for VHC, for which the
bulk of the data were found, and in the neighborhood (ei-
ther above or below) of the maximum concentrations.

Confounding variables

A concern of this and all epidemiology studies is wheth-
er confounders have been taken into consideration. For
example, a potential confounder such as smoking may
have reduced the PFT and increased symptom incidence
across the shift, and smoking prevalence may have also
been higher among workers with higher exposure. The
confounding exposure variables of potential a priori con-
cern in this study included cigarette smoking, heat stress,
exposure to ozone, and irritants from diesel exhaust (eg,
nitrogen dioxide, diesel particulates, formaldehyde). The
regression results showed no associations with these po-
tential confounders. No exposure-response association
with heat stress was observed in spite of several days
when the WBGT was above the TLV®. The lack of an
association with specific potential confounders and for
all response variables strengthens the supposition that
confounding did not occur.

Another indication that confounding did not occur is
that the levels of respiratory irritant gases (ie, nitrogen
dioxide, sulfur dioxide, formaldehyde, hydrogen sulfide)
were at or near the level of detection and well below their
TLV® values. Thus these exposures were considered to
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be too low to produce a reduction in lung function, or
produce irritating symptoms.

Change in the pulmonary function tests

The least-squares parametric models were uninformative
(small R?), not statistically significant as measured by a
reduction in residual mean squares (F-test), and showed
no statistically significant associations with any of the
independent exposure variables.

The nonparametric regression curves showed no con-
sistent tendency to drop below the no-effect line of zero
change over the shift. At higher concentrations, for which
there are fewer observations, the regressions became
more unstable, but still showed no convincing sugges-
tions of an adverse effect.

In summary, there were no associations between re-
ductions in PFT and increased exposure to confounding
variables, including cigarettes smoked, hours worked,
heat stress, and ozone exposure, and no consistent expo-
sure-response relationships with measures of asphalt
fume exposures. Multivariate nonparametric regressions
and factor analyses further support the lack of an associ-
ation between across-shift reductions in lung function and
any of the variables for asphalt fume exposure. These
conclusions were confirmed by traditional parametric sta-
tistical techniques, as well as by less-used nonparamet-
ric techniques, supported by the actual data presented
visually.

Table 10. Comparison of personal exposures to components of
asphalt fumes by industry segment and job in this study, an ex-
posure assessment study (35) and NIOSH studies of conventional
asphalt paving operations (9—15). (NIOSH = National Institute
for Occupational Safety and Health, TP =total particulate, BSF =
benzene soluble fraction)

Industry segment Geometric means (mg/m?)

or job
P BSF
This Hicks ~ NIOSH This Hicks
study (35)  (9—15)  study (35)
Paving
Laborer 0.39 0.34 - 0.10 0.15
Screedman 0.72 0.48 0.20 0.27 0.28
Foreman 0.39 0.41 - 0.08 0.16
Paver operator 0.45 - 0.17 0.11 -
Roller operator 0.23 - 0.07 0.06 -
Traffic control 0.16 - 0.14 0.06 -
Roofing manufacture
Coater operator 0.69 1.0 - 0.12 0.2
Supervisor 0.52 1.4 - 0.09 0.32
Roofing application
Laborer 0.44 0.38 - 0.13 0.30
Kettleman 0.27 1.0 - 0.15 0.67
Mop man 0.30 0.51 - 0.16 0.21
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Acute sympioms

Overall, no consistent associations, as evaluated by both
parametric (logistic) and nonparametric regression analy-
ses, were observed between the variables for asphalt fume
exposure and the incidence (symptom score and symp-
tom sum) or prevalence of symptoms. The symptoms
were mild in severity and reversible. The remaining dis-
cussion will address some of the issues related to the
measurement and significance of acute symptoms.

The rates for the “dummy symptoms” (ringing in ears,
difficulty swallowing) occurred less than 1% of the time
(as did nose bleed and loss of appetite). Thus there is no
reason to believe that the symptom rates were spurious-
ly elevated. Because incidence was so low, only symp-
toms with incidences greater than 4% of the time were
analyzed separately for exposure-response relationships.

Because of the frequent administration of the ques-
tionnaire, the detection of symptoms should have been
both accurate and complete. The questionnaire used in
this study had a format similar to that used by Hu et al
(20) in their study of acute symptoms of eye and respira-
tory irritation among workers exposed to sodium borate
dust. However, Hu et al (20) queried the workers every
hour and identified the onset of symptoms to the nearest
15 minutes. They used a direct-reading real-time aerosol
monitor to correlate symptoms with peak exposures. In
this study the questionnaire was administered about eve-
ry 2 hours, and the whole period was considered since
the last questionnaire was considered to be either free of
symptoms or symptomatic. Symptom incidence was de-
termined during a maximum of 4 2-hour intervals versus
a maximum of 32 15-minute intervals for Hu et al (20).
Therefore, the incidence of symptoms in the 2 studies is
not totally comparable.

Eisen et al (19) hypothesized that a reduction in
FEV,, or PEF may accompany the occurrence of the
most common acute respiratory symptoms of upper air-
way irritation (eg, nasal irritation, cough, chest tightness,
wheeze, breathlessness). However, in our study, the re-
duction in FEV,,, PEF, or other spirometric measures
across the shift showed no consistent association with
symptoms of nose, throat or eye irritation, coughing, or
difficulty breathing (data not shown but available from
the authors).

All the symptoms assessed in this study are acute and
reversible and can be caused by short-term “peak” expo-
sures. The induction of such symptomatic responses in
some situations may occur within minutes and may last
for only minutes after the “peak” exposure occurs (19).
We found no increase in individual or combined symp-
toms associated with time-weighted average measures of
exposure, The question of peak exposure could not be
addressed in this study, as it was not realistic or feasible
to use the direct-reading instruments required for such
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an analysis. The symptoms were of such mild severity
that it is an open question whether they should be con-
sidered adverse, or would be remembered if assessed at
the end of the shift rather than several times during the
shift. Eisen et al (19) argued that acute reversible symp-
toms may “cause immediate discomfort and may be pre-
cursors of chronic disease”. However, we know of no
evidence that these symptoms are precursors of chronic
disease, and the discomfort to asphalt workers in our
study was of a mild nature. For example, eye irritation
was at times described as due to sweat “stinging the
eyes”.

These results appear contrary to those of Norseth et
al (7) as no exposure-response relationship was observed
between symptoms and BSF. However, a direct compar-
ison was not possible because of the variety of differ-
ences between the 2 studies. For example, our study in-
cluded workers from other segments of the asphalt in-
dustry, and not just pavers. None of our analyses indi-
cated a differential effect due to job segment, and no seg-
ment effect can be seen in the data plots. Our measure of
response was the fraction of time with the symptom, and
not the number of days of the week when the symptoms
occurred for any fraction of the time. Our symptom ques-
tionnaire was administered 5 times per shift, instead of
being self-administered once at the end of the week. Our
study had precise estimates of symptom incidence and
exposure-response associations because questionnaires
were administered on the same day as the exposure was
measured.

Exposure cannot be compared between the 2 studies
because the Norwegian estimate was a weekly average
while ours was a daily average. The only common expo-
sure parameter was the solvent extractable fraction of
total particulate (benzene in our study and carbon di-
sulfide in the Norwegian study). Since it was not possi-
ble to compare exposure by job, it was not possible to
compare even weekly and daily averages.

Concluding remarks

Pulmonary function measures

There were no consistent findings of statistical, biologi-
cal, or practical importance from these data that relate
the measured values of asphalt fume exposure to any of
the 4 pulmonary function measures with the use of any
of the statistical methods.

Symptoms

There were no practically significant findings from these
data to relate any of the symptoms to any of the meas-
ured exposures to asphalt fumes with the use of any of
the statistical methods.




Overall conclusion

These data indicate that no association between acute
reversible changes in pulmonary function or the incidence
of symptoms and personal breathing zone concentrations
of asphalt fumes at concentrations at which there is ade-
quate sample sizes or at a maximum concentration at
which the data are sparse:

s 1.5 mg/m? total particulate, maximum 6.2 mg/m?
* ~{).6 mg/m? respirable particulate, 1.4 mg/m? maximum

° =(.6 mg/m? benzene-soluble fraction of total particu-
late, 1.3 mg/m® maximum

» =8 mg/m? volatile hydrocarbons, 19.8 mg/m* maximum
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Summary of exposure and response variables measured in a shift study of asphalt workers

Exposures

Breathing zone, source, and background

Total particulate (TP)

Respirable particulate (RP)

Benzene soluble fraction of TP (BSF)
Volatile hydrocarbons (VHC)
Nitrogen dioxide (NO,)

Sulfur dioxide (SO,)

Hydrogen sulfide (H,S)

Carbon monoxide (CO)
Formaldehyde (HCHO)

Other

204

Ozone (area)

Cigarettes smoked (~2-hour intervals)

Wet bulb globe temperature (WBGT) (area, ~2-hour
intervals)

Amines (source)

Particle size distribution (source)
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Responses

Changes in lung function (APFT)

Forced expiratory volume in 1 s (I) (FEV, )
Forced vital capacity (liters) (FVC)
Peak expiratory flow rate (I/s) (PEF) (before and af-
ter shift and at 2-hour intervals)
Average forced expiratory flow rate between 25% and
75% of forced vital capacity (I/s) (FEF,5_s)

Symptoms (before and after shift and at ~2-hour in
tervals) (severity scale = no to severe)

Eyes irritated

Nose irritated
Sneezing bout
Nose bleed

Throat irritated
Coughing
Difficulty breathing
Headache

Dizzy

Nausea

Itching skin
Ringing in ears
Abnormally tired
Reduced appetite
Difficulty swallowing
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Abbreviations and terms used in this report

ACGIH
ADL
AM
ANOVA
BSF

co

CSF
Cs,
CS,F
FEFy5_ 5
FEV,,
FVC
oM
GSD
HCHO
H,S
LOAEL
LOD
LOWESS
NIOSH
NOAEL
NO,

O,

PEF
PFT
APFTY%

ppb
ppm

REL

RP

RR

S0,

Symptom score

Symptom sum

TLV®
TP
TWA
VHC
WBGT

American Conference of Governmental Industrial Hygienists
analytical detection limit

arithmetic mean

analysis of variance

benzene soluble fraction of the total particulate (mg/m?)

carbon monoxide (ppm)

cyclohexane soluble fraction of total particulate

carbon disulfide

carbon disulfide fraction of total particulate

average forced expiratory flow rate between 25% and 75% of forced vital capacity (liters/second)
forced expiratory volume in 1 second (liters)

forced vital capacity (liters)

geometric mean

geometric standard deviation

formaldehyde (mg/m?)

hydrogen sulfide (ppm)

lowest observed adverse effect level

limit of detection

locally weighted scatterplot smoothing

National Institute for Occupational Safety and Health

no observed adverse effect level

nitrogen dioxide (ppm)

ozone (ppm)

peak expiratory flow rate (I/second)

pulmonary function tests (spirometry), e.g., FEV,, FVC, PEF, FEF,s s
percentage of change in lung function over a shift, calculated as
[(post-shift PFT - pre-shift PFT)/pre-shift PFT] x 100

parts per billion

parts per million

correlation coefficient

recommended exposure limit (NIOSH)

respirable particulate collected using a cyclone sampler (mg/m?)
risk ratio

sulfur dioxide (ppm)

incidence of individual symptom expressed as hours with symptom/hours at risk; possible values range
from 0 to 1

sum of 15 individual symptom scores with possible range from 0 (no symptoms all day) to 15 (all
symptoms all day)

threshold limit value

total particulate (mg/m?)

time-weighted average

volatile hydrocarbons collected using a charcoal tube (mg/m?)
wet bulb globe temperature index, a measure of heat stress (°F)
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APPENDIX 1l

Summary of exposure measuremenis by industry segments and job

Industry segment

Total particulate

Respirable particulate

Benzene-soluble

Volatile hydrocarbons

(mg/m3) (mg/md) fraction (mg/m?) (mg/m?)
GM Maximum GM Maximum GM Maximum GM Maximum
Hot mix asphalt manufacturing: personal exposures by job
Laborer 6 0.34 0.99 0.04 0.08 0.04 0.09 1.05 2.03
Loader operator 5 0.70 1.30 0.12 0.15 0.05 0.09 0.89 6.28
Mechanic 2 0.86 1.31 0.44 0.60 0.05 0.10 1.37 1.49
Plant operator 3 0.22 0.29 0.08 0.20 0.07 0.09 1.50 2.82
Supervisor or clerk 4 0.48 0.56 0.17 0.20 0.09 0.14 0.89 1.21
Asphalt distribution terminals: personal exposures hy job
Emulsion cutback 4 0.33 0.44 0.06 0.06 0.06 0.10 472 7.46
Laboratory technician 7 0.23 0.64 0.07 0.12 0.05 0.11 10.6 19.80
Loader 14 0.20 0.58 0.06 0.11 0.04 0.11 0.75 3.11
Manager 4 0.26 0.77 0.09 0.16 0.05 0.09 1.19 242
Mechanic 2 017 0.20 0.09 0.10 0.05 0.10 2.60 3.23
Miscellaneous 10 0.19 2.51 0.06 0.15 0.09 1.32 1.67 10.20
Office 6 0.08 0.29 0.04 0.09 0.04 0.08 0.45 0.75
Roofing manufacturing: personal exposures by job
Coater operator 17 0.69 2.46 0.13 0.33 0.12 1.32 0.84 1.43
Dry end operator 31 0.64 6.16 0.07 0.56 0.09 0.48 0.75 4.22
Granule operator 4 2.18 2.92 0.32 0.45 0.21 0.46 0.60 0.61
Miscellaneous 4 0.24 0.47 0.05 0.06 0.03 0.03 0.88 3.14
Stiliman 2 0.22 0.34 0.05 0.06 0.05 0.10 6.28 8.73
Supervisor 3 0.52 0.68 0.11 012 0.09 0.10 0.86 0.87
Warehouse 16 0.50 2.89 0.06 0.16 0.04 0.17 0.30 0.69
Roofing application: personal exposures by job
Foreman 6 0.22 0.77 0.10 0.34 0.12 0.34 0.34 3.21
Kettleman 4 0.27 0.72 0.23 0.34 0.15 0.48 0.15 2.39
“Laborer, miscellaneous” 7 0.17 0.35 0.06 0.17 0.06 0.22 0.44 6.71
Mop man 8 0.30 0.54 0.16 0.40 0.16 0.39 0.41 1.19
Roof laborer 37 0.44 2.73 0.16 1.38 0.13 1.23 0.28 3.79
Asphalt paving: personal exposures by job
Foreman 6 0.39 1.09 0.13 0.52 0.08 0.34 0.44 1.34
Inspector 7 0.26 0.47 0.09 0.17 0.06 0.13 0.22 1.61
Laborer 20 0.39 1.52 0.15 0.39 0.10 0.49 0.73 71.72
Paver operator 7 0.45 0.71 0.21 0.67 0.11 0.38 0.77 2.56
Roller operator 13 0.23 0.64 0.05 0.24 0.06 0.28 017 3.22
Screed operator 12 0.72 1.66 0.27 1.68 6.27 0.65 1.45 5.72
Taper 1 0.70 0.19 0.07 0.41
Traffic control 13 0.16 0.71 0.03 0.06 0.06 0.24 0.09 0.41
Truck driver 2 0.21 0.34 0.05 0.08 0.06 0.09 0.28 0.33

Bold face indicates highest values in that segment of the industry.

GM =geometric eman.
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