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Environmental tobacco smoke (ETS) i1s a dilute yet
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Assessment of Non-Smokers’
Exposure to Environmental
Tobacco Smoke Using
Personal-Exposure and
Fixed-Location Monitoring

Abstract

Fixcd-location monitoring has been extensively employed to assess exposure
to environmental tobacco smoke (ETS) in offices and other public buildings.
In contrast, personal monitoring methods have seldom been used to assess
non-smokers’ exposure. Simultaneous personal exposure monitoring and
fixed-location measurements were conducted in two office buildings in Rich-
mond, Va., USA, to compare the two sampling methods. The results from the
personal and fixed-location monitoring showed general agreement in the mea-
surcd cxposurc to particle-phase and vapour-phase ETS constituents. The
overall results indicate that fixed-location monitoring provides a close approx-
mmation of an individual’s exposure to ETS, as determined through personal
monitoring, A secondary objective of the research was to assess the effective-
ness of dilution ventilation for the control of ETS in the workplace. Overall,
the results demonstrate that with ventilation in accordance with current
ASHRAE Standards, dilution can be an effective means of controlling ETS-
rclated constituents to low concentrations.

tion for sampling 1s placed at a single location in the
indoor environment, or by personal monitoring, in which
sampling equipment is attached to individual subjects,

dynamic and complex chemical mixture in air consisting
of both vapour-phase and particle-phase compounds [1-
4]. Due to the dynamic and unpredictable nature of the
two phases, an accurate assessment of ETS exposure may
be best characterised by simultaneous monitoring of se-
lective particle-phase and vapour-phase tracers [3]. Non-
smokers’ exposure to ETS may be determined either
through fixed-location monitoring in which instrumenta-

KA RG E R 1994 8 Kargu_r..-'\(_}: Basel .
1420- 3263960052011 2510.00/0

E-Mail karger@ikarger.ch

Fax+41 61 30612 34

and the sampling media are within a subject’s breathing
zone [5]. '
Fixed-location monitoring has been widely used to
assess ETS exposure in oftices and other public buildings,
with instrumentation typically housed in briefcases or
other enclosures to facilitate unobtrusive data collection.
The extensive research data from fixed-location monitor-
ing has been reviewed by Guerin et al. [6]. In contrast,
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relatively few studies have used personal monitoring
methods to assess non-smokers’ exposure to ETS, particu-
larly in office buildings [5]. Ficld research has not pre-
viously been conducted to directly compare ETS data
obtained using the two approaches.

In the rescarch reported here, simultaneous personal
exposure monitoring and fixed-location measurements
were conducted in two office buildings to compare the
two sampling methods and to evaluate the magnitude of
differences in ETS exposure data determined through per-
sonal and fixed-location monitoring. A secondary objec-
tive was Lo assess the impact of dilution ventilation on
ETS exposure through assessment of HVAC system per-
formance concurrently with the ETS-related sampling,
thereby assessing the applicability of dilution ventilation
as a regulatory option for the control of ETS in the work-
place. The research was conducted in Richmond, Va.,
USA in April 1994,

Methods

Data were gathered over three interrelated phases of the research
project: (1) personal-exposure monitoring of ETS-related constitu-
ents; (2) fixed-location monitoring, and (3) assessment of the perfor-
mance of the HVAC systems. The two study buildings were adjacent
within a large multi-building facility in Richmond, Va., USA. Smok-
ing was permitted without restriction in both buildings. The two
study buildings are identified here as ‘building I and “building 2",

Personal-Exposure Monitoring

In each study building, non-smoking subjects were selected to
participate in the personal exposure assessment, using a randomised
sampling procedure. Thirteen subjects in building 1 and 12 subjects
in building 2 participated over a 2-day period on April 13th and 14th,
1994,

Sampling and Analysis of ETS and Other Indoor Air Ouality
Parameters. Six phase-sclective tracers of ETS exposure were simul-
taneously determined in the personal monitoring. The measured
tracers of particle-phase ETS exposure included total respirable sus-
pended particles (RSP). ultraviolet particulate matter (UVPM), fluo-
rescent particulate matter (FPM) and solanesol. Vapour-phase trac-
ers of ETS exposure included nicotine and 3-ethenylpyridine (3-EP),
In addition, total volatile organic compound (TVOC) concentrations
were determined as a general indicator of the presence of chemical
constituents primarily associated with sources other than ETS in the
study buildings. ETS has been shown to be a minor source of TVOC
levels in office buildings [7].

Sampling apparatus was attached to each subject for one working
day. Subjects were required to wear a standard laboratory coat which
housed the sampling equipment, consisting of two air pumps, tubing
and sample collection media. The collection media were attached to
the lapels of the coats within the occupants’ breathing zones,

RSP were determined gravimetrically, in accordance with the
American Soclety for Tesling and Materials (ASTM) Standard
D4532-92 [8]. Samples were collected by drawing a measured vol-

Non-Smokers’ Exposure to ETS

ume of air at a flow rate of 1.9 litre/min through a cyclone assembly
with a cut-off point of 3.5 um, followed by a tared 37-mm diameter,
L.0-um pore size Fluoropore filter. RSP concentrations were deter-
mined from the difference between pre- and post-sampling weights.
For an 8-hour sampling period, the limit of detection was 12.5 pg/m?
of air.

To provide a more accurate estimate of ETS-related RSP levels,
the filter samples from the gravimetric determinations were chemi-
cally analysed by the UVPM and TPM methods developed for the
estimation of ETS contributions to RSP concentrations [9]. For the
UVPM analyses. the filiers used in the gravimetric RSP determina-
tions were extracted with methanol and a sample aliquot injected
into a columnless high-performance liquid chromatograph (HPLC)
cquipped with an ultraviolet detector (325 nm). 2.2° 4 4-tetrahy-
droxybenzophenone was used as the surrogate standard for quantifi-
cation. For an 8-hour sampling period, the limit of detection was
2.4 pg/m’,

Determinations of FPM were conducted simultaneously with the
UVPM determinations on the same filter sample extract by connect-
ing a fluorescence detector (300 nm excitation; 420 nm emission) in
scries with the ultravielet detector on the HPLC. Scopoletin was used
as the surrogate standard for FPM quantification. For an 8-hour
sampling period, the limit of detection for the FPM method was
0.4 ug/m?,

Solanesol is a high-molecular-weight alcohel associated speeiti-
cally with particulate-phase ETS. Solancsol concentrations were
determined by analysis of the methanolic extracts used in the UVPM
and FPM determinations, with a liquid chromatographic technique
developed by Ogden and Maiolo [10]. A sample aliguot of each filter
sample extract was injected into an HPLC equipped with an ultravio-
let detector (205 nm) and a deuterium lamp. For the 8-hour sampling
periods the limit of detection for the method was 0.06 pg/m?3,

Nicotine concentrations were determined in accordance with
ASTM Standard D3073-90 [11]. Samples were collected by drawing
alr through XAD-4 (a styrene-divinylbenzene copolymer) sorbent
tubes at a flow rate of 1 litre/min.

Collected samples were desorbed with ethyl acetate containing
0.01% tricthylamine and a sample aliquot was injected into a gas
chromatograph equipped with a nitrogen-phosphorus detector. Quin-
oline was used as the internal standard for quantification. For an
8-hour sampling period. the limit of detection for the method was
0.1 pg/m?,

While nicotine has been widely used as a vapour-phase tracer in
field research, its appropriateness has been questioned due to unpre-
dictable decay kinetics [3, 12]. Consequently, researchers have inves-
tigated the applicability of another vapour-phase constituent, 3-EP,
as a suitable tracer [13, 14].

3-EP concentrations were determined using a modified analysis
from the ASTM Standard D5075-90 Method for Nicotine in Air [13,
14]. A sample aliquot of the XAD-4 extract from the nicotine analy-
sis was additionally analysed for 3-EP. The chromatographic analysis
for 3-EP requires modification of the sct-up of the gas chromate-
graph from the nicotine analysis, including increased temperature
span and hold times. Given an &hour sampling period, the limit of
detection for the analytical method was 0.1 pg/m?,

TYOC samples were collected using passive monitors according
to ASTM Standard D4597-92 [15]. The activated charcoal sorbent in
each passive monitor was extracted with carbon disulphide (C'S) and
a sample aliquot injected into a capillary gas chromatograph
cquipped with a flame lonisation detector, in accordance with ASTM
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Standard D3687-89 [16]. For cach sample, TVOC concentirations
were determined as the sum total of all chromatogram peak areas and
presented as toluene equivalents. The limit of analvtical detection for
the TVOC method for an 8-hour sampling period was 1.3 pg/m?,

Salivary Cotinine. Al the completion of the personal monitoring
period. each subject was requested to provide a specimen of saliva for
determination of cotinine levels. The purposc of the cotinine deter-
mination was to verify the non-smoking status of the subject, not to
asscss LTS exposure. Previous research has shown significant differ-
ences in salivary cotinine levels between smokers and non-smokers,
A “cut-ofT" point between current smokers and non-smokers has been
suggested as ranging between 20 and 100 ng/m1[17-19].

The saliva samples were analysed for cotinine concentrations by a
rapid gas-liquid chromatographic technique developed for the sensi-
tive determination of cotinine in saliva without interference or con-
tamination [20]. One millilitre of saliva was treated with sodium
hvdroxide and dichloromethane, mixed using a vortex mixer, centri-
fuged, evaporated to near-dryness and then mixed on a vortex mixer
again with acctone. A sample aliquot of the acctone cxtract was
injected into a liquid chromatograph equipped with a nitrogen-phos-
phorus detector. Pheniramine maleate was used as an internal stan-
dard. The detection limit of the method was 1.0 ng/ml.

Subject Activify Log Each subject who had a personal monitor
was also required (o maintain an activity log for the duration of the
sampling period. The activity log divided the workday into 30-min
intervals. For cach 30-min segment, the subjects indicated their loca-
tion in the building, described their work activities, and recorded the
number of cigarettes which they were aware of being smoked within
their proximity (i.e. within 20 ft). Research has suggested that self-
reported exposure using occupant logs provides an accurate method
of estimating cigarette consumption [21]. From this information, the
reported number of cigarettes per hour were computed to provide a
standardised index of self-reported exposure to ETS in the work-
place.

Fixed-Location Monitoring

Sampling and Analysis of ETS and Other Indoor Air Quality
Parameters. In both study buildings, the same tracers of ETS expo-
sure were monitored at tour fixed locations and at the outside air
intakes over a 4-day period, including the 2 days of personal-expo-
surc monitoring. Data were gathered at two sites per building on each
day. Therefore, replicate data scts were collected at each fixed loca-
tion over the 4-day period. At cach indoor site, a customised brief-
case containing air pumps and the sample collection media was
installed to gather samples at a height to simulate the occupants’
breathing zone. The samplers were installed at the beginning of the
workday and remained in place for approximately 8 h. The sampling
and analytical procedures used for the RSP, UVPM, FPM, solanesol,
nicotine and 3-EP determinations were identical to those used for the
personal exposure monitoring. Only the sampling method for TVOC
differed, using an active sampling protocol in the briefcase, com-
pared lo the passive sampling used in the personal monitoring. The
active sampling method followed ASTM Standard D3686-89 [22].

Assessment of HVAC System Performance

The HVAC assessment included determination of (a) total venti-
lation air flows; (b) the volumes of ventilation air supplied to each
fixed-location monitoring site, and (¢) continuous monitoring of car-
bon dioxide (CO,). The primary objective of the assessment was to
determine performance of the HVAC systems as compared to North
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American ventilation standards developed by the American Society
of Heating, Ventilation and Air Conditioning Engineers (ASHRAE)
and approved by the American National Standards Institute (ANSI).
The ASHRAE/ANSI ventilation standard 62-1989 [23] prescribes
outdoor air ventilation rates intended to provide acceptable air quali-
ty, given a ‘moderate” amount of smoking. For the purpose of dilu-
tion ventilation, ASHRAE has assumed ‘moderate’ smoking to be
that of a population that includes 27% smokers, smoking at a rate of
1.25 cigarettes/h [24].

Total Building HVAC Assessment. The HVAC assessment in-
cluded the collection of both descriptive and quantitative informa-
tion. The design and operational configurations of the HVAC sys-
tems were determined trom (a) review of mechanical engineering
plans; (b)Y inspection of HVAC system components, and (c) airflow
measurements at the main air-handling units (ATIUs). Airflow mea-
surements were taken using a standardised duct traverse method
with an electronic micromanometer, fitted with a pitot tube attach-
ment. The instrument has an accuracy of £ 3 cubic feet per minute
{chm).

Fixed-Monitoring Location HVAC Assessment. At cach fixed-
monitoring location, the total volume of air being supplied to the site
was determined by airflow measurements taken at the ceiling diffus-
crs, using an electronic micromanometer cquipped with a pitot tube,
and an electronic balometer. All measurement methods used in the
HVAC assessments conformed with Associated Air Balance Council
(AABC) procedures [25]. The airflow measurements taken at the dif-
fuser determined the volume of total air (outside and return) sup-
plicd to the fixed monitoring site. The volume of outside air supplied
from the diffuser was then calculated, based on the proportion of
outside air determined from the measurements taken at the main
AHTUL

To assess the performance of the HVAC systems with respect to
ASHRAE/ANSI Standard 62-1989, the volume of outside air deliv-
ered (o the building must be (a) divided by the occupant population
o determine outside air ventilation rate per occupant, and (b) cor-
rected for ventilation effectiveness.

For engineering analysis of design and performance of HVAC
systems, the most appropriate estimate of the building population to
calculate outside air ventilation rates is the design occupancy, rather
than the observed population, which may vary over a work day. The
design occupancy is a standardised criterion used in the design pro-
cess for HVAC systems, described in Table Two of ASTIRAE/ANSI
Standard 62-1989 as the ‘estimated maximum occupancy’.

The outside air ventilation rates rccommended in ASHRAE/
ANSI Standard 62-1989 assume well-mixed conditions (i.e. 100%
ventilation effectiveness). At present, no standardised method is
available to objectively determine ventilation efTectiveness. There-
fore, to compare the results from both the total-building and fixed-
location HVAC assessments with the ventilation requirements de-
scribed in ASHRAE/ANSI Standard 62-1989, a ventilation effective-
ness factor was subjectively estimated through direct observation
using smoke pencils and the judgement of the engineers whao con-
ducted the HVAC assessment, based on their extensive field experi-
ence.

Curbon Dioxide Monitoring. Continuous CO; monitors/datalog-
gers were 1nstalled at each fixed-location monitoring site and at the
outside air intakes. CO» was determined with a non-dispersive
infrared (NDIR) analyser, with a measurcment range of 0-3.000
ppm and an accuracy of = 50 ppm.
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Table 1. Personal monitoring results, building 1, Richmond, Va,

Date

Subject Particulate fraction. pg/m? Gaseous fraction, pg/m? Saliva Smoking
total RSP UVPM  FPM  solanesol  nicotine 3-EP  TVOC b
ng/ml cig./h
April 13th  E-1 25.1 277 5.8 0.14 4.4 1.5 2.4 1.3 1.4
E-2 28.8 27.5 5.9 0.20 2.7 1.0 6.0 <1.0 0.2
E-3 15.9 6.4 1.8 0.07 1.7 0.7 12.5 <1.0 32
E-4 28.2 26.0 5.9 0.13 1.4 0.9 <l.3 1.3 1.9
E-5 47.9 12.9 4.5 0.16 0.6 0.8 12.8 5.6 1.6
E-6 <12.5 <24 1.0 <0.06 0.3 0.5 5.3 3.6 0.0
April 14th  E-7 18.8 8.8 2.5 0.07 4.4 1.2 216 <1.0 0.3
E-8 13.3 12.2 3.0 0.10 1.1 0.7 26.2 3.6 2.2
E-9 33.5 25.7 12.2 0.49 4.7 1.0 18.2 missing 5.0
E-10 14.2 9.3 2.6 <0.06 1.3 0.8 11.6 329 0.3
E-11 28.6 32.6 7.4 0.26 1.6 0.7 14.5 79.6 0.5
E-12 17.3 11.0 3.1 0.10 2. 0.9 502.6 <1.0 0.5
L-13 228 17.7 43 0.11 0.4 1.2 15.8 2.9 0.9
Sumimary statistics
April 13th  mean 26.4 17.1 4.1 0.13 1.8 0.9 8.4 2.3 1.4
median 26.7 19.4 5.1 0.14 1.5 0.8 9.2 1.3 1.5
April 14th  mean 21.2 16.8 5.0 0.17 2.2 0.9 87.2 20.2 1.4
median 18.8 12.2 31 0.10 1.6 0.9 18.2 33 0.5
Combined  mean 236 16.9 4.6 0.15 2.0 0.9 50.3 1.2 1.4
median 228 12.9 4.3 0.11 1.6 0.9 12.8 2.1 0.9
Results RSP concentrations for the 13 non-smoking subjects
ranged from <12.5 to 47.9 pg/m?3, with a mean concentra-
Building One tion of 23.6 pg/m? (median 22.8 ug/m?3). Mean RSP levels

Personal-Exposure Monitoring of ETS-Related

Constituents

Table | presents the results from the personal exposure
monitoring conducted in building 1, The upper portion of
the table shows individual data sets for each of the 13 sub-
jects who had a personal monitor, The lower part of the
table presents descriptive statistics (mean and median)
for each day of monitoring separately and for both days
combined. In order to calculate the mean values, if a data
point for a subject or fixed location was reported as less
than the detection limit (e.g. RSP concentration was less
than 12.5 pg/m3), the detection limit (i.e. 12.5 pg/m3) was
used as the representative value for the calculation of the
mean. Therefore, the means may provide a slight overesti-
mation of the true mean in those cases where one or more
individual data points were reported as less than the
detection limit. Subsequently, the median value 1s pre-
sented as an alternative descriptive statistic.

Non-Smokers” Exposure to ETS

were slightly higher on April 13th (26.4 pg/m3) compared
to the second day of measurement (21.2 ug/m?).

The UVPM analysis showed concentrations ranging
between <2.4 and 32.6 pg/m? (mean 16.9 ug/m?; median
12.9 ug/m?). Analysis of the ratios between RSP and
UVPM concentrations suggests that, on average, between
60 and 75% of the determined RSP mass was associated
with combustion-related processes, including ETS.

FPM concentrations ranged from 1.0 to 12.2 ug/m3
(mean 4.6 pg/m?, median 4.3 pg/m3). The ratio between
RSP and FPM estimated that typically between 20 and
50% of the RSP mass was associated with ETS and other
combustion-related processes.

Comparison of the FPM and UVPM results shows sub-
stantially lower FPM concentrations, a finding consistent
with Ogden ct al. [26] who showed that UVPM overesti-
mated ETS-related particulates by up to 30% in an experi-
mental chamber and that FPM provided a more accurate
estimate of ETS-related particulate matter.
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Mean solanesol concentrations were 0.13 ug/m3 on
April 13th and 0.17 ug/m? on April 14th, with a range of
concentrations from <0.06 to 0.49 pg/m3. The weight
ratios for solanesol:RSP ranged from 0.33 to 1.46%, with
a mean weight ratio of 0.61%. These results are similar to
those reported in ‘real world’ work environments, where a
less than 1% weight ratio for solanesol:RSP was reported
[27]. The solanesol concentrations suggest that 35-55% of
the RSP mass may be attributable to ETS, an estimate
similar to that determined from the FPM analysis.

Nicotine concentrations ranged from 0.3 to 4.7 pg/m?
(mean 2.0 pg/m3, median 1.6 pg/m?3). 3-EP concentrations
ranged from 0.5 to 1.5 pg/m3, with a mean concentration
of 0.9 pg/m?3 .

TVOC concentrations for 12 of the 13 subjects who
had personal monitors, ranged from <1.3 to 26.2 pg/m3.
However, a congentration of 502.6 pg/m? was recorded
for | subject. As the tracers of particle-phase and vapour-
phase ETS exposure for the subject were not clevated
above those determined for the others, the elevated
TVOC concentration does not appear to be related to ETS
cxposure. Chromatographic analysis of the TVOC sam-
ples identified low-molecular-weight compounds in the
(C3-C8 range, including toluene and xylene, and higher-
molecular-weight compounds in the C9-C11 range. These
higher-molecular-weight compounds were qualitatively
identified as common indoor VOCs such as terpenes,
d-limonene and o-pinene. which are typically found in
inks, adhesives, air fresheners, and cleaning products.

The salivary cotinine analysis showed cotinine levels
of between <10 and 5.6 ng/ml for all except 3 of the sub-
Jects: 2 subjects showed levels of 32.9 and 79.6 ng/ml,
respectively; and onc sample was spoiled in transit to the
laboratory. Previous rescarch has shown that salivary
cotinine levels of less than 6 ng/ml are typical of non-
smokers and has also suggested a ‘cut-oft® point between
current smokers and non-smokers as ranging between 20
and 100 ng/ml [17-19]. The higher cotinine concentra-
tions for the two subjects, while clevated above the others,
were both within this range. Review of the measured par-
ticle-phase and vapour-phase tracers for the two subjects
did not show substantial differences in exposure com-
pared to the other subjects. Consequently, the 2 subjects
were assumed not to have smoked at work. A possible
explanation for the higher cotinine concentrations for the
2 subjects may be dietary intake of nicotine-containing
foods, such as lealy vegetables, potatoes and tomatoes.
The impact of dietary nicotine on cotinine levels has been
demonstrated by several investigators [28, 29].
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Smoking Conditions

An cstimate of the prevalence and frequency of smok-
ing can be determined [rom (a) the subject activity logs
and (b) the original selection procedures for the subjects.
The mean reported smoking frequency was 1.4 cigarettes/
h. with a range from 0 to 5 cigarettes/h. From the original
survey to identify subjects, the proportion of non-smokers
in building 1 was estimated at 22%. The estimated smok-
ing rate of 1.4 cigarettes/h and smoking frequency of 22%
1s slightly higher than the 1992 US national average smok-
ing rate in office workplaces of 1.21 cigarettes/h and
20.2% smokers reported in the National Health Interview
Survey [30].

Fixed-Location Monitoring

The results from the fixed-location monitoring at the
four indoor sites and an outdoor site are presented in
table 2. The upper portion of the table shows the daily
results from each site. The lower part of the table presents
summary statistics for cach of the monitoring locations
and all four indoor locations combined.

RSP concentrations varied substantially between the
four fixed-monitoring locations, ranging from <12.5
to 67.4 pg/m3, with a combined mean concentration
for all indoor sites of 29.2 pg/m? Outdoor concen-
trations ranged [rom 19.4 to 25.6 pg/m? (mean 22.5
ug/m?). UVPM concentrations also varied widely be-
tween the four monitoring locations, ranging from <2.4
10 27.3 pg/m? (mean 11.5 ug/m?, median 6.9 pg/m?3). The
RSP:UVPM ratio estimates that between 20 and 60% of
the RSP mass may be associated with combustion pro-
cesses, including ETS,

FPM levels ranged from 1.0 to 7.3 pg/m3 (mean 3.5
pg/m? median 2.4 ug/m?). The RSP:FPM ratios estimate
that the source of between 10 and 25% of the RSP mass
was ETS and other combustion processes. Similar to the
findings from the personal monitoring, FPM concentra-
tions at the fixed-monitoring locations were consistently
lower than the corresponding UVPM levels.

Solanesol concentrations ranged from <0.06 to 0.26
pg/m? (mean 0.14 pg/m3, median 0.09 ug/m?). The weight
ratios for solanesol:RSP ranged from 0.2 to 0.7%. The
solanesol concentrations estimate that approximately 15—
30% of the RSP may be attributed to ETS, similar to the
estimate for the FPM analysis. As might be expected, no
UVPM, FPM or solancsol concentrations were detected
in any of the outdoor RSP samples.

Nicotine concentrations were generally similar at all of
the fixed monitoring locations over the measurcment
period. The mean nicotine level for all sites combined was

Sterling/Collett/Ross



Table 2. Fixed-location monitoring results, building [, Richmond, Va.

Date Site Particulate fraction, pg/m? Gaseous fraction, ug/m?
total RSP UVPM  FPM solanesol nicotine  3-EP TVOC
April 12th A 292 214 73 0.23 2.0 0.7 62.1
B 67.4 20.2 5.1 0.21 4.4 1.3 2715
aut 22.6 <24 <0.4 <0.06 NM NM 3.0
April 13th C <l12.5 <2.4 1.0 <0.06 37 0.9 128.6
D 223 6.6 1.9 0.08 2.1 0.8 287.8
out 25.6 <24 <0.4 <0.06 NM NM 5.6
April 14th A 19.7 7.1 2.1 0.07 24 0.7 96.0
B 26.8 273 6.4 0.26 1.9 0.9 2569
out 222 <24 <0.4 <{).06 NM NM 7.4
April 15th C 14.9 4.8 2.7 0.09 2.4 0.7 411.7
D 40.4 <2.4 1.4 <().06 2.6 0.7 138.9
out 19.4 <24 <4 <(0.06 NM NM 10.2
Summary statistics
Means A 24.5 14.3 4.7 0.16 2.2 0.7 79.1
B 47.1 238 5.7 0.24 32 1.1 267.2
C 7.5 2.4 1.8 0.05 EN | 0.8 270.2
D 314 33 1.6 0.04 2.4 0.7 2134
Combined mean 292 11.5 3.5 0.14 2. 0.8 207.4
sites median 223 9 2. 0.09 2.3 0.8 192.8
OQutdoor mean 22.5 <2.4 <04 <0.06 NM NM 6.6
median 224 <24 <04 <0.06 NM NM 6.5

NM = Not measured.

2.7 pg/m3, with a measured range of 1.9 to 4.4 ug/m?3. 3-
EP concentrations were also similar at all four fixed-loca-
tion monitoring sites, ranging from 0.7 to 1.3 pg/m?
(mean 0.8 pg/m3, median 0.8 ug/m?),

TVOC concentrations varied substantially between the
four fixed-monitoring locations, ranging from 62.1 to
411.7 ug/m3 (mean 207.4 ug/m3). Indoor TVOC concen-
trations were an order of magnitude higher than corre-
sponding outdoor levels, which ranged from 3.0 to 10.2
pug/m3. Gas chromatographic analysis identified similar
compounds in most samples, including toluene, xvlene,
d-imonene and o-pinene. Typical sources of these
TVOCs include cleaning products, inks, adhesives and
other common office products.

Comparison of Personal Exposure and Fixed-Location

Data

Comparison of the results from the personal monitor-
ing and fixed-location monitoring throughout building 1

Non-Smokers’ Exposure to ETS

shows generally similar mean and median values for both
the particle-phase and vapour-phase tracers of ETS expo-
sure. Mean concentrations determined from the personal
and fixed-location monitoring were statistically compared
using a non-parametric Wilcoxon test [31]. Statistical
analysis showed no significant differences between the
mean concentrations for each of the six ETS-related trac-
ers (p < 0.05).

Mean TVOC concentrations were significantly differ-
ent for the personal and fixed-location monitoring, with
TVOC levels at the fixed-location monitoring higher than
those obtained in the personal monitoring. The cause of
this discrepancy may relate to the use of different sam-
pling procedures. For the personal monitoring, a passive
sampling method was employed, whereas active sampling
was used in the fixed-location monitoring. Different col-
lection efficiencies between the sampling methods may be
responsible for the varying measured concentrations.
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Table 3. HVAC performance assessment, building 1, Richmond, Va.

Total huilding

Total air Return air Qutside air QOutside air ~ Estimated maximum  Qutside air ventilation
cfm cfm cfm Y% oceupdncy {cfm/occupant) based on 60%
based on 7/1,000 2 ventilation effoctiveness
19,834 13,364 4,470 29.1 150 17.9
Fixed-monitoring locations
Site Total air Outside air Qutside air ~ Observed QOutside air ventilation
¢fm cfm (%) population {cfm/occupant) based on 60Y%
ventilation effectiveness
A 986 286.9 29.1 9 19.2
B 170 49.35 29.1 | 29.4
C 410 119.3 29.1 3 239
D 760 221.2 291 7 19.0

Overall, the statistical similarity in measured ETS-
related concentrations in building 1 indicate that fixed-
location monitoring (which has been predominantly used
to measurc ETS-related constituents in office buildings
and other workplaces) appears to provide a close approxi-
mation to non-smoking occupants’ exposure to ETS, as
determined through personal monitoring.

HVAC System Performance Assessment

Building 1 is a two-storey structure designed and con-
structed in 1967/68. with a gross floor area of 21,400 ft>.
Windows throughout the building do not open. Smoking
1s permitted without restriction in the workplace. Both
floors of building 1 are served by a single HVAC system; a
constant-volume dual-duct system, with single-stage fil-
tration using synthetic-fibre bag filters at the main AHU
(filtration efficiency 30-40%).

Table 3 presents the results of the HVAC system per-
formance assessment of building 1. The upper part of the
table presents the air tlows for the total building deter-
mined at the main AHU and the lower portion shows the
measured volumes of ventilation air supplied to each
fixed-location monitoring site, identified as A-DD. From
the total building assessment, a total volume of ventila-
tion air of 19,834 c¢fm was supplied to building 1, of which
4,470 cfm was outside air, representing 29.1% of the total
supply air.

To assess the performance of the HVAC system with
respect to ASHRAE/ANSI Standard 62-1989, the total
volume of outside air delivered to the building was
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(a) divided by the occupant population to determine out-
side air ventilation rate per occupant, and (b) corrected
for ventilation effectiveness. For building 1, the design
occupancy based on ASHRAFE/ANSI Standard 62-1989
criteria is 150 persons (21,400 ft2 approximately 7 per-
sons/1,000 ft?). Observations and smoke pencil testing
indicated duct leakage and supply air stratification in the
occupied space. As a consequence, ventilation effective-
ness was assessed at 60%.

Given these estimates, the outside air ventilation rate
for building 1 was 17.9 ctm/person. This result shows that
the HVAC systems were operating nominally in accor-
dance with the ventilation requirements from ASHRAE/
ANSI Standard 62-1989, which recommends a minimum
outside air ventilation rate for office space of 20 ¢fm/
occupant.

The results of the local ventilation performance assess-
ments at the fixed-location monitoring sites show that all
four fixed-monitoring locations were being supplied with
volumes of cutside air in accordance with, or slightly
below, ASHRAE/ANSI Standard 62-1989. Based on de-
sign occupancy, the calculated local ventilation rates
ranged from 19.2 c¢fm/occupant to 29.4 cfm/occupant.

CO, concentrations were similar at all four indoor
monitoring locations, consistently ranging between 500
and 600 ppm during occupied hours, Qutdoor CO; levels
were between 350 and 400 ppm. The minimum outside
air ventilation rate requirements recommended in Stan-
dard 62-1989 arc based on the control of indoor CO-» con-
centrations to less than 1,000 ppm. The results of the CO,
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Table 4. Personal monitoring results, building 2, Richmond, Va.

Date Subject Particulate fraction, ug/m? Gaseous fraction, pg/ Saliva Smoking
total RSP UVPM FPM solanesol nicotine  3-E cgtmme ﬁ:eq:uc-n vy
ng/ml cig./h
April 13th  F-1 40.0 26.2 14.5 0.30 1.7 1.3 67.6 1.4 32
F-2 323 336 159 0.53 2.2 0.9 18.8 1.1 0.7
F-3 23.6 21.6 6.7 0.27 2.3 1.1 23.0 <1.0 1.2
F-4 36.0 36.2 7.9 0.15 1.5 0.6 3323 4.5 0.1
F-3 28.7 23.6 22, 0.52 1.6 1.1 13.0 <1.0 0.0
F-6 16.6 11.1 21.5 0.28 1.1 0.8 21.0 <1.0 0.7
r-7 337 24.2 8.2 0.17 2.2 0.9 387 <1.0 1.0
April 14th F-8 49.6 44,2 25.3 0.51 8 1.1 61.0 1.1 1.8
F-9 30.2 12.9 12.1 0.58 .6 1.0 48.9 2.0 22
F-10 48.9 21.6 16.1 0.31 23 0.9 27.2 <1.0 32
F-11 45.6 18.7 14.4 0.44 1.6 1.1 46.0 1.4 24
F-12 333 11.3 9.8 0.42 1.9 0.9 105.3 1.3 (0.9
Summary statistics
April 13th  mean 30.1 252 14.8 (.32 1.8 1.0 76.3 1.6 1.0
median 323 24.2 14.5 0.28 1.7 0.9 23.0 <1.0 0.7
April 14th  mean 41.9 217 15.5 0.45 1.9 1.0 57.7 1.4 2.1
median 45.6 18.7 14.4 0.44 1.8 1.0 489 1.3 22
Combined mean 35.0 23.7 15.1 .37 1.8 1.0 68.6 1.5 1.5
median 353 21.6 14.5 (.42 1.7 1.0 46.0 | 1.2

monitoring support the conclusions from the HVAC as-
sessmenl that the volumes of outside air supplied to build-
ing 1 were generally in accordance with ASHRAE/ANSI
Standard 62-1989.

Building Two

Personal-Exposure Monitoring of ETS-Related

Constituents

Table 4 presents the results from the personal exposure
monitoring in building 2. RSP concentrations for the 12
non-smoking subjects ranged from 16.6 to 49.6 pg/m?
over the 2 days of personal monitoring, with an over-
all mean concentration of 35 ug/m? and median of 35.3
pg/m3,

UVPM concentrations ranged from 11.1 to 44.2 pg/m?
(mean 23.7 pg/m3, median 21.6 pug/m?3). Analysis of the
ratio between UVPM and RSP estimated that, on aver-
age, the source of between 50 and 80% of the RSP 1s ETS
and other combustion-related processes.

FPM concentrations were lower than correspond-
ing UVPM levels, ranging from 6.7 to 27.5 ng/m3 (mean

Non-Smokers’ Exposure to ETS

15.1 pg/m?3, median 14.5 ug/m?), The FPM:RSP ratio esti-
mated that the source of between 15 and 50% of the total
RSP was ETS and other combustion processes. This [ind-
ing is again consistent with the experimental research of
Ogden and Maiolo [10], who concluded that FPM pro-
vides a more accurate estimate of ETS-related particles
than UVPM, which may overestimate ETS particles by
up to 30%.

Solanecsol concentrations ranged between 0.15 and
0.58 pg/m? (mean 0.37 ug/m3, median 0.42 pg/m?). The
weight ratios for solanesol:RSP ranged from 0.42 to 1.9%,
which is consistent with solancsol data gathered in both
‘real world” work environments [24] and chamber experi-
ments [23]. The solanesol results estimate that, on aver-
age, approximately 25 to 60% of the RSP were ETS-relat-
ed particles, similar to the estimate provided by the FPM
analysis.

Nicotine concentrations for the 12 non-smoking sub-
jects were consistent over the 2 days of monitoring, rang-
ing from 1.1 to 2.3 pg/m? (mean 1.8 pg/m3, median 1.7
ug/m3). 3-EP concentrations ranged from 0.6 to 1.3 pg/m?3
(mean and median 1.0 pg/m3).
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Table 5. Fixed-location monitoring results, building 2. Richmond, Va.

Date Site Particulate fraction, pg/m? Gaseous fraction, yg/m?
total RSP UVPM FPM solanesol nicotine  3-EP TVOC
April 12th A <12.5 <2.4 <0.4 <0.06 2.1 0.8 454.3
B 30.3 9.8 11.4 (.37 2.3 1.2 991
out 22.3 <24 <0.4 =0.06 NM NM 31.7
April 13th C 28.7 13.2 12.8 0.24 1.6 1.0 327.0
D 16.8 <24 <0.4 <0.06 1.5 1.0 82.4
out 20.1 <2.4 <0.4 <0.06 NM NM 17.0
April 14th A <12.5 <2.4 <04 <0.06 1.8 0.7 218.7
B 13.1 <2.4 <(0.4 <0.06 2.4 1.1 113.7
out 14.4 <24 <0.4 <0.06 NM NM 5.6
April 15th © 23.2 <2.4 <0.4 <0.06 1.8 1.1 338.1
D 34.7 <2.4 <0.4 <(.06 0.7 1.0 <13
oul 20.7 <24 <0.4 <0.06 NM NM 4.0
Stummary statistics
Means A <12.5 <2.4 <0.4 <(.06 2.0 0.8 336.5
B 21.8 49 3.7 0.19 2.4 1.1 106.4
C 26.0 6.6 6.4 0.12 1.7 1.0 342.6
D 258 <2.4 <0.4 <(.06 1.1 1.0 41.2
Combined mean 18.4 29 3.0 0.08 1.8 1.0 206.7
siles median 200 0 <24 <04 <0.06 1.8 1.0 166.2
Outdoor mean 19.4 <24 <0.4 <0.06 NM NM 14.6
median 20.4 <24 <0.4 <0.06 NM NM 11.3

NM = Not measured.

Personal exposures to TVOCs were consistent for 10 of
the 12 subjects, ranging from 13.0 to 67.6 pg/m?3, Higher
TVOC concentrations were determined for 2 subjects:
measured levels were 352.3 and 105.3 pg/m?3. Gas chro-
matographic analysis identified higher-molecular-weight
compounds in all samples, particularly terpenes. A prima-
ry source of terpenes is paint. During the personal moni-
toring periods, renovations including painting were tak-
ing place in the basement.

Cotinine levels determined from saliva samples pro-
vided by the 12 subjects who had personal exposure moni-
toring were consistently low, ranging from <1.0 to 4.5 ng/
ml. As research has suggested a “cut-off” point for salivary
cotinine Lo classify non-smokers and smokers of between
20 and 100 ng/ml, the results verify the non-smoking sta-
tus of all subjects.
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Smoking Conditions
The mean smoking frequency estimated from the sub-

Ject activity logs was 1.5 ¢igarettes/h, with a range from 0

to 3.2 cigarettes/h over the 2 days of monitoring. From the
sclection procedures for the subjects who had personal
monitoring, the proportion of non-smokers in building 2
was estimated as 22%. Smoking conditions were margin-
ally higher than ‘typical® US office workplaces [30].

Fixed Location Monitoring

Table 5 presents the results from the fixed location
monitoring in building 2. Total RSP concentrations at the
four monitoring locations ranged from <12.5 to 34.7 pg/
m? (mean 18.4 ug/m?, median 20 pg/m?). Outdoor RSP
levels ranged from 14.4 to 22.3 pug/m3 (mean 19.4 ug/m3),

The results from the analyses to estimate the propor-
tion of ETS-related particulate matter from the total RSP
were inconsistent with the findings from the personal
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exposure monitoring in both study buildings and the fixed
monitoring in building 1. For 6 of the 8 data sets, UVPM,
FPM and solanesol concentrations were less than the
detection limits for the respective analytical methods.
The reason for this apparent anomaly i1s uncertain. While
inherent variability has been observed by the researchers
who originally developed the analvtical procedures [9,
10], the UVPM, FPM and solanesol results from the
fixed-location monitoring in building 2 arc anomalous,
given that (a) smoking was taking place in the study areas;
(b) ETS constituents were clearly quantified in the vapour
phase, and (c) particle-phase tracers were quantified in
the personal monitoring.

Nicotine concentrations at the four fixed-monitoring
locations ranged from 0.7 to 2.4 pg/m3, with a combined
mean and median for all sites of 1.8 ug/m?. 3-EP concen-
trations were also consistent at all four monitoring loca-
tions ranging from 0.7 to 1.2 pg/m? (mean and median
1.0 ug/m?3).

TVOC concentrations varied widely between the
fixed-monitoring locations, ranging from <1.3 to 454.3
ng/m3 (mean 206.7 pg/m3, median 166.2 pg/m?). Indoor
TVOC levels were nearly an order of magnitude higher
than outdoor levels, which ranged from 4.0 to 31.7 pg/m3,
Chromatographic analysis identified similar compounds
1n most samples, with a presence of compounds common
in paints such as toluene and terpenes.

Comparison of Personal Exposure and Fixed-Location

Dala

Comparison of the results from the personal monitor-
ing and fixed-location monitoring in building 2 indicates
less consistency than the results in building 1, especially in
the measurement of the particle-phase tracers of ETS
exposure.

Statistical analysis using the Wilcoxon test to compare
the mean concentrations determined from the personal
and fixed-location monitoring showed statistically signifi-
cant differences between mean RSP, UVPM, FPM and
solancsol concentrations (p < 0.05). The significant ditfer-
ences were due to the anomalous cluster of non-detectable
concentrations determined in the fixed-location monitor-
ing.

Mean concentrations of the two vapour-phase tracers
(nicotine and 3-EP) from the personal and fixed-location
monitoring were not significantly different, indicating
that the two sampling methods provide a close approxi-
mation of occupant exposure Lo vapour-phase ETS.

Similar to building 1, the differences in mean TVOC
concentrations using the active and passive sampling

Non-Smokers’ Exposure to ETS

methods were statistically significant, due to differential
sampling efficiencies.

HVAC System Performance Assessment

Building 2 is a three-level structure, including two sto-
reys above grade and one storey below grade. Building 2
was designed and constructed in 1988/1989, with a gross
floor area of 63,000 f1°. Windows throughout the building
do not open and smoking is permitted without restriction.
Building 2 is served by two variable air volume (VAYV)
systems with similar design configurations. The main air
handling equipment is housed in a basement mechanical
room. One VAV system (AHU 1) serves the basement and
first floor. The second VAV system (AHU 2) serves the
second floor. Both systems are equipped with two stages
of filtration. The [irst stage consists of low-¢fliciency syn-
thetic-fibre bag filters (20-30%). The second stage is an
clectrostatic precipitator system to charge and collect par-
ticulate matter passing through the first stage.

Table 6 presents the results from the HVAC perfor-
mance assessments. The upper part of the table shows the
airflows delivered by AHU | and AHU 2. For AHU 1, the
total air supply (outside air plus return air) over that peri-
od ranged from 23,132 to 27,666 ¢fm, with the proportion
of outside air as a percentage of the total supply varying
from 23.6 to 37.1%. Subsequently, the volumes of outside
air supplied by AHU 1 to the basement and first floors
varied between 5,932 and 10,274 ¢fm,

Observation and smoke pencil analysis indicated mini-
mal duct leakage, but some stratification of the ventila-
tion air in the occupied space. A ventilation effectiveness
factor of 80% was cstimated. Given this estimate of venti-
lation effectiveness and a design occupancy for the two
floors served by AHU 1 of 231 people, outside air ventila-
tion rates were similar on both days of measurement,
ranging from 21.0 to 35.6 cfm/occupant on April 13th and
from 20.6 to 35.7 cfm/occupant on April 14th. Overall,
the performance assessment indicates that AHU 1 was
operating to provide ventilation rates in accordance with
ASHRAE/ANSI Standard 62-1989.

The total air supply distributed by AHU 2 to the sec-
ond floor over the 2-day period ranged from 12,482 to
16,037 cfm, with the total volumes of outside air ranging
from 1,416 to 5,830 cfim. Higher volumes of outside air
were measured on April 13th compared to April 14th,

With a design occupancy of 147 and an estimated ven-
tilation effectiveness of 80%, the calculated outside air
ventilation rates supplied by AHU 2 varied from 11,1
cfm/occupant to 31.7 cfm/occupant.
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Table 6. HVAC performance assessment, building 2, Richmeond, Va.

Total building
Date Time Total air Return air Outsideair  Qutside air  Estimated maximum  Outside air ventilation
ctfim cfm cfm % occupancy cfmfoccupant
based on 7/1,000 12 based on 80%
ventilation effectiveness
AHU I basement and fivst floor
April 13th 8:35 AM 27.666 17,392 10,274 37.1 231 35.6
2:00 PM 24,480 18,416 6.064 24.8 231 21.0
330 PM 25,696 18,720 6.976 271 231 242
April 14th 8:30 AM 27.539 20,832 6,707 243 231 23.2
10:10 PM 25,938 16,896 9,042 34.9 231 31.3
1:30 PM 26,960 16,672 10,288 382 231 357
310 PM 25,132 19,200 3,932 23.6 231 20.6
AHU 2: second floor
April 13th 8:35 AM 12.482 8,456 4,026 32.2 147 21.9
1:00 PM 13.460 7.630 5,830 43.3 147 31.7
1:35 PM 13,460 10,440 3,016 22.5 147 16.4
April 14th 8:30 AM 16.037 13.076 2,461 15.4 147 13.4
1:05 PM 13,606 11,564 2,042 15.0 147 11.1
2:30 PM 13,606 12,166 2,634 19.4 147 14.3
Fixed-monitoring locations
Site Date Time Total air OQutsidearr  Ousideair  Observed Outside air ventilation
cfm ¢fm % population cfm/occupant
based on 80%
ventilation effectivencss
A April [3th 9:00 AM 240 89.1 37.1 3
April 14th 9:00 AM 240 38.3 243 3 3.3
B April [3th 900 AM 336 108.2 322 3 28.8
April [4th 9:00 AM 330 50.8 15.4 3 13.3
C April 13th 9:00 AM 220 70.8 322 1 36.6
April 14th 9:00 AM 305 47.0 154 1 37.6
D April 13th 9:00 AM 365 117.5 322 3 314
April 14th 9:00 AM 345 53.2 154 3 14.2

The results indicate that AHU 2 was providing outside

air ventilation rates in accordance with ASHRAE/ANSI
Standard 62-1989 for much of the operating day on April
13th, but at ventilation rates below the outside air
requirement for office space of 20 cfm/occupant de-
scribed in ASHRAE/ANSI Standard 62-1989 on April
14th. The differences in the measured outdoor air intake
rates on the second floor between April 13th and 14th
were due to differences in pressure drops across the out-
side air intake path. As the total air volume 1n a VAV
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system varies with the cooling load, the static pressure in
the mixed air plenum varies. Such variation is not unique
to the study building, but has been observed in other
buildings equipped with VAV systems [32].

The results of the local ventilation performance assess-
menlts at the four fixed monitoring locations in building 2
varied over the two days of monitoring. On April 13th,
outside air ventilation rates at all four locations were at
or above the 20 cfm/occupant criterion described in
ASHRAE/ANSI Standard 62-1989, ranging from 23.8 to
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56.6 ctm/occupant. On April 14th, outside air ventilation
rates were below the 20 cfm/person criterion at three of
the four fixed-monitoring sites. Overall, the results from
the local ventilation assessments concur with the total
building assessment. The VAV systems serving building 2
were providing outside air to the occupied space in accor-
dance with, or marginally below, the outside air require-
ments described in ASHRAE/ANSI Standard 62-1989.

Measured CO- concentrations varied between the dif-
ferent days of monitoring, as a function of variable venti-
lation rates. CO» concentrations were slightly lower dur-
ing the working day on April 13th (600-700 ppm) than on
April 14th (700-850 ppm). The higher CO; concentra-
tions on April 14th correspond with lower outside air ven-
tilation rates determined by the HVAC performance mea-
surements, Despite the daily variations in CO; concentra-
tions, the results concur with the airflow measurements
that the volumes of outside air supplied to building 2 are
generally i accordance with ASHRAE/ANSI Standard
62-1989.

Discussion

Comparison of Personal and Fixed-Location

Monitoring Methods to Assess ETS Exposure

The findings from this rescarch provide new informa-
tion about the comparability of data gathered through
personal monitoring and fixed-site measurements. Re-
search on non-smokers” exposure to ETS in office work-
places has rarely been conducted by personal monitoring.
ETS exposure has predominantly been assessed through
fixed-location monitoring, due to the non-obtrusive meth-
ods creating minimal disruptions to normal workplace
activities. However, the question may be posed as to
whether fixed monitoring data are representative of an
individual non-smoker’s exposure to ETS. Comparison of
the personal and fixed location data in the study buildings
provides some insight into this question.

The results from building 1 show statistical agreement
in the measured exposure to particle-phase and vapour-
phase constituents of ETS in the personal and fixed-loca-
tion monitoring. For building 2, the results of the vapour-
phase analyses (nicotine and 3-EP) also showed similar
concentrations determined in both the personal and
fixed-location monitoring. Howcver, the particle-phase
indicators were significantly different, due to the ‘cluster’
of non-detected levels from the fixed-monitoring loca-
t1ons,

Non-Smokers’ Exposure to ETS

Despite this anomaly, the overall results from the two
study buildings indicate that fixed-location monitoring
provides a close approximation to an individual’s expo-
surc to ETS, as determined through personal monitoring.
This finding suggests that the ‘real world” data obtained
by past researchers. primarily through fixed-location
monitoring, is appropriate for estimating occupant ¢xpo-
sure to ETS.

Comparison of the Study Findings with Other ‘Real

World’ Data

The data from the two buildings in Richmond add to
the growing archive of objective data from the measure-
ment of ETS-related constituents in office buildings. The
most widely measured indicators of ETS exposure from
the literature have been total RSP and nicotine [6]. Com-
parison shows that the measured RSP and nicotine con-
centrations of the vapour-phase and particle-phase indi-
cators of ETS exposure from both the personal and fixed-
location monitoring are generally consistent with the lev-
els reported in the research literature.

From fixed-location monitoring in mechanically venti-
lated office environments in which smoking is permitted,
research has shown RSP levels typically to range from 20
to 80 ug/m? [6, 7. 33, 34]. Nicotine concentrations typical-
ly have ranged between | and 6 pg/m3 [6, 7, 35].

Personal cxposure monitoring studies to assess ETS
exposure in office environments are less common. Coul-
tas et al. [36] reported a mean RSP concentration of 56.7
ug/m3 and a mean nicotine level of 4.8 pg/m?3, for 5 sub-
jects mn office buildings in New Mexico. Muramatsu et al,
[37] reported nicotine levels ranging from 5 to 19 ug/m?3 in
Japanese office buildings. While the measured concentra-
tions in these studies are higher than those determined
in the Richmond study buildings, no information was
provided regarding either (a) ventilation conditions or
(b) smoking prevalence.

Some researchers have suggested a consistent ratio
between measured RSP and nicotine concentrations, and
have applied this consistent ratio to predict nicotine from
reported RSP concentrations [38]. The results from the
study presented here question the conclusion of a consis-
tent ratio between nicotine and RSP levels. Within the
overall data set, RSP:nicotine ratios varied from approxi-
mately 4:1 to 75:1. The inconsistency of RSP:nicotine
ratios has also been reported in a survey of the research
literature by Guerin et al, [6], who observed variable
ratios [rom 4:1 to 100:1.

The present study also provides valuable information
about tracers of ETS exposure other than total RSP and
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nicotine. To date, limited ‘real world’ data have been
reported in the research literature for (a) the three meth-
ods to estimate the contribution of ETS to the total RSP
mass (UVPM, FPM and solanesol), or (b) the usc of 3-EP
as a tracer for exposure to vapour-phase constituents of
ETS.

The UVPM, FPM and solanesol analyses show a high
degree of variability associated with the analytical meth-
ods. In general, the highest estimates of the proportions of
total RSP associated with ETS were obtained from the
UVPM analysis. Lower (and less variable) estimates were
obtained from the FPM and solanesol analyses. In gener-
al, the results are consistent with the conclusions from
experimental chamber research that UVPM concentra-
tions tend to be higher than FPM levels, and that both
FPM and solanesol may provide a better estimate of ETS-
related particulates than UVPM [26].

The measurable levels of 3-EP in the study buildings
suggest that it may provide an alternative tracer to nico-
tine under field conditions. Questions have been raised
regarding the appropriateness of nicotine as a tracer [or
exposure to vapour-phase constituents as it displays non-
typical and unpredictable decay kinetics [3, 12]. 3-EP has
more predictable decay kinetics and may be more typical
of other vapour-phase constituents. The results show that
while 3-EP was less abundant than nicoting, it was clearly
quantifiable under ‘real world” conditions.

Regulatory Implications of the Research

The research also provides an important case study of
non-smokers’ exposure to ETS in an office environment
supplied with outside air ventilation rates in accordance
with current ventilation standards. with the results provid-
g information on the effectiveness of dilution ventilation
as a regulatory option to control ETS in the warkplace.

The HVAC performance assessments determined that
the HVAC systems serving both buildings were providing

outside air to the occupied space at ventilation rates nom-
mally in accordance with the ASHRAE/ANSI ventilation
standard 62-1989. Smoking conditions in both study
buildings were slightly greater than “average’ conditions in
US office workplaces [30]. However, they are representa-
tive of “‘moderate’ amounts of smoking, assumed for the
ventilation rates described in ASHRAE/ANSI Standard
62-1989.

Given HVAC system performance in accordance with
ASHRAE/ANST Standard 62-1989 and a ‘moderate’
amount of smoking, the concentrations of the various
tracers of ETS exposure measured in the two study build-
ings demonstrate that ETS-related constituent levels may
be effectively controlled to low concentrations through
gencral dilution ventilation, This finding suggests that
dilution ventilation can provide an appropriate option to
accommodate smoking in the workplace, a view contrary
to currently proposed regulations for US workplaces. The
US Occupational Safety and Health Administration
(OSHA) has proposed sweeping indoor air qualily regula-
tions which reject the traditional engineering practice of
dilution ventilation for the control of ETS and other
indoor sources [39]. In the rationale for the proposed
OSHA regulations, no research data are cited to justify the
rejection of dilution ventilation. The results of the re-
search presented here demonstrate that dilution ventila-
tion can provide an effective means of controlling non-
smokers’ exposure to ETS and providing acceptable in-
door air quality.
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