Journal of Exposure Analysis and Environmental Epidemiology, Vol. 6, No. 4, 1996 473

EXPOSURE TO ENVIRONMENTAL TOBACCO SMOKE IN SIXTEEN
CITIES IN THE UNITED STATES AS DETERMINED BY PERSONAL
BREATHING ZONE AIR SAMPLING
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Approximately one hundred nonsmoking individuals in each of 16 metropolitan
areas of the United States collected a sample of air from their breathing zone while
in their workplace and a sample while away from work during their 24-hour days.
Individuals were selected for the study in an attempt to equally represent those
working and living in smoking and nonsmoking environments. Collected samples
were analyzed for respirable particulate matter (RSP) (3.5 m diameter), ultraviolet
absorbing particulate matter, fluorescing particulate matter, solanesol, scopoletin,
nicotine, 3-ethenyl pyridine, and myosmine. Individuals living and/or working in
environments where smoking occurs were confirmed to be the most highly exposed
to environmental tobacco smoke (ETS). Residential RSP levels ranged from 50 to
113% of those which have been reported by other investigators. For the majority of
subjects who either lived or worked in smoking environments, the home was found
to be the greater source of ETS exposure. Exposures of subjects whose spouses
smoked unrestrictedly within the home were a factor of two to four higher than
those of subjects who worked in locations where smoking occurred and was not
restricted. Exposures of typical subjects to nicotine in the workplace were 30—60%
of those estimated by the Occupational Safety and Health Administration (OSHA)
and 15-20% of those estimated by the OSHA for the most highly exposed workers.
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INTRODUCTION

The Environmental Protection Agency (EPA) has estimated that approximately 3000 lung cancer
deaths per year result from exposure to environmental tobacco smoke (ETS) (EPA, 1993). ETS
exposure of nonsmokers is considered by the EPA to be extensive and uptake of ETS components
measurable. Direct measures of ETS exposure (concentration of ETS constituents and duration
of exposure) are factored into the risk assessment in the determination of relative exposures from
spousal smoking and background ETS. (The ratio of the two is termed the “Z—factor.””) The U.S.
Occupational Safety and Health Administration (OSHA) has proposed severe restrictions on
smoking in the workplace (DOL, 1994), and has cited a variety of studies which indicate that the
levels of ETS-nicotine to which the average worker is exposed appear to be ca. 5-100 pg/m’ and
that the most highly exposed workers are exposed to levels in the range of 50-100 pg/m?. In its
risk estimates, OSHA concluded that residential exposures to ETS were comparable to those in
the workplace. Many of the studies from which these estimates have been derived involved
determination of levels of ETS components in smoking areas using stationary samplers. For
example, Oldaker et al. (1990) conducted one-hour duration area measurements and reported a
range of 0-70 [tg/m’ nicotine in 156 smoking offices and 0-25 pg/m’ nicotine in 170 restaurants
where smoking was permitted. Leaderer and Hammond (1991) conducted week-long area
measurements of airborne nicotine in 47 smoking homes and reported nicotine levels ranging
from 0.1-9.4 ug/m*>. Hammond et al. (1995) conducted week-long area measurements in both
smoking and nonsmoking workplaces and reported median smoking workplace levels of nicotine
equivalent to 8.6 pug/m?, although the procedure used to calculate the reported levels has been
disputed (Ogden, 1996). Because of their complexity and required involvement of volunteers,
actual determinations of personal exposure to ETS have been more limited (Guerin et al., 1992).
Thompson et al. (1989) determined personal exposures to nicotine in smoking restaurants over
one-hour duration sampling periods and reported a range of 0.5-37 ug/m? nicotine. Coultas et al.
(1990) measured personal exposure to ETS in 15 subjects over durations up to five hours. A
median level of 10 pg/m* nicotine was reported for 5 hospital workers, and median of 7.2 ug/m’
was reported for 5 office workers. A recent study by Sterling et al. (1996) of personal exposure of
25 subjects working in office buildings where smoking was unrestricted reported median 8-hour
nicotine levels of 1.7 ug/m®. The purpose of the study reported here was to determine personal
exposure in a large number of subjects over a full 24-hour sampling period, and to assess the
comparability of exposures in the workplace and away from work.

METHODS

Study Design

The study design involved recruiting approximately 100 nonsmoking subjects in each of 16
cities distributed geographically around the United States. Despite the size of the study, it was
impractical to attempt to recruit a study population which was exactly representative of the U.S.
nonsmoking population over 18 years of age. To determine personal ETS exposure, each subject
wore a sampling pump during the work phase of his/her day and a second pump while away from
work. The sampling systems collected both particulate phase and vapor phase components of
ETS. The intent was to create a 2 X 2 matrix of subjects living in smoking or nonsmoking homes
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and working in smoking or nonsmoking workplaces. Although all subjects were recruited on the
basis of their self-reported nonsmoking status, salivary cotinine was used to assess actual smoking
status. In order to maintain the blind nature of the study throughout the course of the field work
and laboratory analyses of the acquired samples, demographic data (including smoking/
nonsmoking status of the household and workplace) and analytical data were not shared by the
marketing research firms and the analytical laboratories.

Primarily, three organizations were directly involved in the data generation for this study. Oak
Ridge National Laboratory (ORNL) staff were responsible for development and implementation
of the experimental design, oversight of field sampling, quality assurance and quality control
(QA/QC) surveillance of the sampling and analyses, data study and interpretation, and reporting
of results. The Research and Development Department of R. J. Reynolds Tobacco Company,
Winston-Salem, North Carolina (RJIRT/RD), was responsible for provision of sampling materials
and equipment, shared responsibility for the conduct of field operations, analysis of field samples,
and provision of analytical data to ORNL. Bellomy Research, Incorporated (BRI), Winston-
Salem, North Carolina, was responsible for the recruiting of subjects, typically through individual
subcontractors in the selected cities, sharing responsibility for field operations with RIRT/RD,
conducting information coding, and providing coded questionnaire data to the principle
mvestigators at ORNL.

Subject Recruiting and Demographics

Nearly all of the subjects were initially contacted through random telephone dialing or marketing
research databases and recruited via administration of a telephone screening questionnaire. Less
than 5% of the subjects were recruited through shopping mall intercept methods. To be included
in the study, individuals had to report themselves as not having used tobacco products in the last
six months, not using any form of nicotine patch or gum, and being at least 18 years of age. They
must have worked outside the home on a “regular” (approximately 8 a.M.—5 p.M.) shift at a minimum
of 35 hours per week indoors and have spent at least 75% of their work hours in their personal
work space. Subjects were screened as to selected occupations or activist affiliations of their
own or household members which might bias their participation. Excluded from the study were
journalists and members of the media, the legal, advertising, marketing research, public relations,
and tobacco manufacturing and distribution professions, and members of antismoking groups
and selected health groups. Subjects were also excluded if they or members of their household
worked for a branch of the state or Federal government which might have an interest in the
outcome of the study. In order to maximize the clarity of the smoking/nonsmoking home
assignments, potential subjects were excluded if the primary smoker in the household smoked
only in an attached garage or basement, a detached garage or workroom, or outdoors. Potential
subjects were excluded if individuals used pipes, cigars, or smokeless tobacco more than once a
week inside an otherwise nonsmoking home or if they had frequent visitors who smoke inside an
otherwise nonsmoking home. Potential subjects were also excluded if they worked in locations
where smoking was likely to be banned because the lit cigarette represented a potential ignition
source, such as a chemical or petrochemical facility.
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More than 22 000 individuals were contacted regarding participation in the study. The three most
common reasons for rejecting individuals during the initial telephone interview (a total of more
than 13 000 potential subjects) were a) not having a full time job or having two or more jobs, b)
being a smoker, or ¢) being younger than 18 years old and having no one of qualifying age
present to refer the phone call. A total of 1650 subjects fulfilled all of the screening criteria but
were unwilling or unable to participate due to scheduling problems. In all, 1564 subjects
participated in the study, of whom 66 were excluded from the data compilations reported here
because of salivary cotinine levels believed to be indicative of at least occasional active smoking.
A discrimination level of 15 ng/mL (Etzel, 1990) was chosen in order to exclude those subjects
who may have smoked while wearing the sampling pumps.

Subject populations, as a function of urban area, are summarized in Table 1. Field operations for
the study were conducted between mid—May 1993 and mid-June 1994. Cities were chosen
according to distribution relative to the major U.S. Census regions (a minimum of three cities in
each of the four regions). Additional factors in city selection included: logistics, lack of pervasive
smoking restrictions, avoiding potential extremes of weather, and the perceived likelihood of
high quality field marketing research organization support. In each of the 16 cities ultimately
studied, a marketing research organization was contracted to randomly recruit 100 people to take
part in the study. Recruiting began a minimum of three weeks before testing was to take place in
each city. Telephone numbers from within each metropolitan area were dialed at random and
potential participants were screened via a scripted interview based on a questionnaire, which
lasted approximately 20 minutes. Each person contacted was either rejected or invited to participate
based on responses to questions containing criteria for participation. In some cities, it proved
difficult to recruit 100 people through random dialing alone. In these cases, marketing research
organizations were allowed to recruit participants from their own data bases, which contained
lists of people who had participated in studies in the past and who, as a group, might be more
willing to take part in such a study. Subjects recruited through random telephone dialing comprised
ca. 62% of the subject population. Those recruited through marketing research databases comprised
slightly more than 35% of the subject population. Due to a miscommunication, approximately
one-third of the participants in city 11 were recruited by mall intercept, which amounted to about
2% of the study population. In several cities, the number of subjects living and working in smoking
environments (cell 1) was small. Overall, the fraction of the subjects who either lived and/or
worked in locations which qualified as smoking was 46%, compared to the original study target
of 75%.

In Table 2 the demographic characteristics of the study population in its entirety (1564 subjects)
are presented with comparisons, where available, to the U.S. population. In many cases,
demographic distributions for nonsmoking, fully employed adults were not available, so
comparisons are made with the entire U. S. population (U.S. Department of Commerce, 1994;
U.S. Department of Health and Human Services, 1994). A much larger proportion of females
volunteered to participate in the study relative to the U.S. population. The median annual household
income of the subjects was about $41,000 vs $37,000 for the U.S. population. The study population
was comprised predominantly of subjects in the age range of 25-65. The distribution was most
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likely impacted by the requirement that subjects worked full time on a regular shift. When
compared with the age distribution of the U.S. nonsmoking population between the ages of 18
and 65, the distribution of the study population is not radically different. The white collar
occupations tended to be more heavily represented in the study population. The racial
characteristics were not substantially different from that of the U.S. population. It should be
noted that about 87% of the subjects reported some form of restriction on smoking in their
workplaces. Approximately 55% of the subjects reported a total ban, with the remainder indicating
that smoking had been restricted to designated areas only. However, about 7% of the subjects
indicated that the visitors or coworkers often ignored the restrictions. These restrictions compare
to values of 42% in 1991 and 71% in 1995 determined by the International Facility Management
Association, as reported by the Congressional Research Service (Redhead and Rowberg, 1995).

Subject Itinerary

On the evening of day 1 of the subject’s involvement, the subject arrived at the test coordination
site (usually a meeting room in a hotel, church, or strip mall) and was rescreened to verify the
accuracy of the telephone questionnaire. The subject then watched an instructional video with
approximately 24 other participants and completed a “first visit” questionnaire concerning his/
her lifestyle and details regarding the type of environment in which the subject worked. The
subjects were only told that this was an “indoor air quality study.” No specific reference was
made to the fact that it was targeted toward environmental tobacco smoke. [Questionnaire materials
(the screener, first and last visit surveys, diaries, and away-from-work and workplace pump
surveys) were adopted from those used in previously published studies (Proctor et al., 1991;
Ogden et al., 1993; Heavner et al., 1996). The materials contained questions not only relating
specifically to ETS exposure, but also to other factors which might impact on indoor air quality
in general.] The subject provided a saliva sample and received his/her sampling systems, after
being tested to insure that the subject could actually operate the sampling unit.

On the morning of day 2, the subject began sampling with the workplace pump upon arrival at
work. The subject kept a workplace diary (an 8.5” X 11" double-sided card) throughout the day,
recording various smells and observations concerning the use of products which may affect
indoor air quality (e.g., copying machines, correction fluids, coffee, cigarettes, etc.). Subjects
were requested to remain at their work station during the lunch period. At the end of the workday,
the subject turned off the workplace sampling pump, completed the workplace pump survey (a
multipage questionnaire concerning pump and sampler performance and indoor air conditions in
the workplace), put on the away-from-work pump (equipped with a larger battery pack to enable
sampling for a minimum of 18 hours), and returned home, conducting normal activities, such as
shopping, dining, etc., on the way. The subject kept an away-from-work diary (similar to the
workplace diary) on an hourly basis. At bedtime, the subject took off the pump and set it alongside
his/her bed while the pump continued to sample. The next morning (day 3), when the subject
arrived at work, the away-from-work pump was turned off and the home pump survey (similar to
the work pump survey) was completed. After work that same day, the subject returned to the test
coordination center, completed a last visit survey (which contained questions regarding subject
observations and demographics), provided a second saliva sample, and received a gratuity for
his/her participation.
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Sampling Equipment

The sampling equipment has been described in detail elsewhere (Ogden et al, 1996a). It consisted
of a sound-insulated sampling pump (approximately 8.5" X 6.5" X 4.25", weighing approximately
3.5 1b) attached to a clip-on sampling head. The pump was in a case with shoulder straps, and
participants were instructed to wear the pump with the strap over the right shoulder and the pump
resting on the left hip. The sampling head contained both particle and vapor phase ETS marker
collection devices and was designed to be worn in a person “breathing zone,” i.e., clipped onto a
shirt collar, lapel, or pump shoulder strap.

Particle phase ETS markers were collected on Fluoropore membrane filters (37 mm diameter, 1
pum pore size, Millipore Corporation, Bedford, Massachusetts) at a flow rate of approximately
1.7 L/min. A cyclone vortex assembly (Sensidyne, Incorporated, Clearwater, Florida) was
incorporated into the particle phase collection device so that particles 3.5 pm in diameter or
smaller would pass through and be collected on the filter. Particle phase markers determined as
part of this study were respirable suspended particulate matter (RSP), 3.5 um or smaller; ultraviolet
absorbing particulate matter (UVPM); fluorescing particulate matter (FPM); scopoletin; and
solanesol. Vapor phase ETS markers were collected on XAD—4 resin cartridges (SKC,
Incorporated, Eighty-Four, Pennsylvania) at a flow rate of approximately 0.5-0.7 L/min. Vapor
phase markers determined as part of this study were: 3-ethenyl pyridine (EP), nicotine, and
myosmine. Two saliva samples, designated start and end, were collected with Salivettes (Sarstedt,
Incorporated, Newton, North Carolina), which were comprised of a sterile cotton cylindrical
swab contained inside a clear plastic centrifuge tube. The start sample was collected during the
subjects’ first visit to the test coordination facility, and the end sample was collected approximately
45 hours later at the same location, when the subjects returned their air sampling systems. Samples
were collected by having the subjects open the tube and drop the swabs into their mouths without
touching the swab. The swab was chewed vigorously for 60 seconds and expelled back into the
tube without hand contact. Samples (saliva and breathing zone ETS) were stored frozen upon
receiving them from the participants, shipped to the analytical laboratories on dry ice, and stored
in freezers until analyzed.

Analytical Methods

Analytical chemical procedures have been described in detail elsewhere. Briefly, RSP was
determined gravimetrically (Ogden et al., 1990), and UVPM and FPM were determined by high
performance liquid chromatography (HPLC) with ultraviolet and fluorescence detectors (Conner
et al, 1990), respectively. Solanesol and scopoletin were also determined using HPLC (Ogden
and Maiolo, 1992; Risner, 1994). All of the vapor phase markers were determined using gas
chromatography with thermionic specific (nitrogen selective) detection (Ogden, 1991). Levels
of salivary cotinine were determined using radioimmunoassay (Davis and Stiles, 1993).

Performance Documentation and Quality Control

Several approaches were employed to determine the accuracy of data coding, cell assignment,
and in-field generated data. A computerized logical algorithm was applied to the original
questionnaire coded data. This algorithm compared the coded responses of the smoking status of
the home and work environments with the coded cell assignments, to determine the accuracy of






