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PERSONAL EXPOSURE TO RESPIRABLE PARTICLES:
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Important determinant of personal exposure, while in home concentrations accounted for 25-30% of the
variation in personal values. A linear regression technique was used to estirmate respirable particle
concentrations in three micro-environments where measurements were not available. These vayes were
combined with data on time activities and observed outdoor and in-home concentrations to construct a
simple time-weighted €Xposure model, Predicted exposure using this approach agreed well with measured

values, however, the validity and suitability of estimate
and different times of year has not been established,

d coefficients for applications to other communities

Keyword index: Personal eXposure, exposure models, respirable particles, passive tobacco smoke, indoor ajr
quality, personal monitoring, time-activity Patterns, indoor/outdoor measurements.

INTRODUCTION

Accurate estimation of human exposures is a pre-
requisite for realistic evaluation of air pollution health
risks. Traditionally, population exposure estimates
have relied almost exclusively on ambient (outdoor)
measurements. It is becoming increasingly apparent,
however, that Personal exposures are not characterized
adequately by ambient air monitoring networks.
The ability of stationary outdoor monitors to define
personal exposures js a function of the degree to which
readings reflect concentrations experienced by in-
dividuals. The relationship between outdoor and per-
sonal values is complicated by the fact that people
spend much of their time indoors or in areas distant
from fixed monitors, where pollutant concentrations
may be drastically different’ For example, being in-
doors is likely to reduce one’s exposure to photo-
chemical oxidants, such as ozone, but may increase
€xposure to respirable particles, especially in the
presence of smoking. Unless temporal and spatial
variation in pollutant concentrations is taken into
account, misclassification of €Xposures can lead to
spurious conclusions concerning public heajth risks.
Although only a few personal monitoring studies for
respirable suspended particles (RSP) have been con-
ducted (Binder et ai, 1976; Ferris et al,, 1979; Spengler
et al, 1980; Spengler and Tosteson, 1981; Dockery and
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Spengler, 1981; Spengler er al., 1981; Spengler er af.
1983; Sega and Fugas, 1982), availabie evidence in-
dicates that ambjent measurements are not a strong
predictor of individual exposures. Differences are due
to the fact that a PeIson experiences a spectrum of
concentrations as he or she moves through varidas
indoor and outdoor locations (e.g. walking along a
busy street, working in a high-rise office building,
commuting in an automobile, sleeping at home, eating
ina restaurant). Currently, a paucity of data exists to
evaluate the contribution of these different envirgfi-
ments to personal exposures.

Efforts to reduce uncertainties in exposure estim-
ation have focused on combining time-budget and
activity-pattern data with information about pollutant
levels. Models to predict personal RSP exposures are
all based on the premise that the summation of
pollutant values in important ‘micro-environments'
(e.g. home, work, outdoors, in-transit), weighted by
fraction of time spent in each micro-environment,
provide an adequate approximation of integrated
individual ex posures (Fugas, 1976; Moschandreas and
Morse, 1979: Duan, 1980; O, 1980; Dockery and
Spengler, 1981: Duan, 1982). Therefore, to charactérfze
RSP levels experienced by specific persons or groups, it
is necessary to obtain information about relevant time-
activity patterns as well as concentrations in each type
of micro-environment. _

This paper feports results from an intensive per-
sonal monitoring study invoiving 48 nonsmokers in
Waterbury, Vermont, During two separate monitoring
periods conducted from January t6' March 1982,
volunteers carried personal RSP samplers every other
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day for 2 weeks. Participants kept detailed activity logs
documenting time spent in five major micro-
environments (i.e. home, work, outdoors, other in-
doors, in-transit) and whether or not they experienced
passive exposure to tobacco smoke. Simultaneous 24-h
RSP samples were also Gollected inside and outside

each participant’s home. Findings are presented em- -

phasizing the relative importance of indoor and out-
door measurements for estimating personal exposure
to respirable particles.

EXPFRIMENTAL

The Harvard wood-burning study was condutted from 29
January to Il March, 1982, in Waterbury, Vermont,
Descriptions of the community, the ambient monitoring
program, and indoor/outdoor measurements have been pub-
lished previously (Sexton er al., 1984a, b).

Personal measurements

Information from the Vermont Agency of Environmental
Conservation energy-use survey was used to develop a
mailing list for Waterbury. Requests for volunteers to
participate in the personal monitoring portion of the study
were mailed to 312 families during December 1981. Forty-
eight people (45 adults and 3 children) from 24 different
homes were selected from among the respondents. No
attempt was made to obtain a random sample. Instead,
selection was based on willingness to participate and use of
wood fuel as a primary or secondary heating source, Only
nonsmokers were chosen in order to minimize the confound-
ing effects of tobacco smoke on in-home RSP concentrations.

The age distribution of the volunteers is given in Table 1.
Ages ranged from 10 to 82 years. The sample consisted of 22

- adult men; 23 aduit women and 3 children (< 17 y). Seventeen

of the men were employed fulltime, as were 16 of the women.
The three children (ages 10, 15 and 17) were students.

Participants carried Harvard/EPRI personal sampling
pumps with Bendix cyclone preseparators (Turner et al.,
1979) every other day for 2 weeks. Twenty-five people from 12
different homes participated from 29 January to 11 February
and another 23 from 12 additional houses during 26 February
to 11 March. Individuals maintained detailed activity logs,
recording time spent in various micro-environments and
documenting passive €xposures to tobacco smoke.

The sampling schedule was designed so that alt volunteers
turned on their personal monitors at 0800 on sampling days
and left them running for 24 h, When possible {e.g. during
indoor sedentary activities), units were plugged into the
nearest wall socket and placed in close proximity to the
individual. Otherwise, pumps were powered-by a 12-volt

Table:l. Age distribution of participants in the
1982 ‘Harvard Personal Monitoring Study in
Waterbury, Vermount

Number of persons Age (years)
2 : 5-14
3 15-24
| 25-34
18 35-44
2 45-54
6 5564
3 S 65-74 -
&2 J 75-84

. s ———
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nickel-cadmium battegy with a lifetime of approximately 8 h,
Flow checks with a calibrated rotometer were performed
before and after each 24-h sampling period.

Indoor/outdoor measurements

The 48 participants in the personal ex posure study resided
in 24 homes (19 with wood-burning appliances), These 24
residences (all occupants were nonsmokers) made up the
sample population for the indoor/outdoor portion of the
study. Monitoring operations were divided into two sampling
periods, with 12 homes studied from 29 January to 11
February and another 12 homes investigated from 26
February to 11 March. Twenty-four hour (i.e. 0800-0800)
RSP samples were collected inside and outside each dwelling
every other day for two weeks, Measurements were timed to
coincide with occupants’ personal samples,

Concentrations of RSP were measured with the same type
of monitor (i.e. Bendix cyclone preseparators attached to
Harvard/EPRI portable sampling pumps) used for personal
sampling. Two RSP monitars were placed inside each
residence and one was installed outside, The outdoor pump
Was encased in a heated box and connected to an external
cyclone and filter. Flow checks with a calibrated rotometer
were performed on all units before and after each run.

RESULTS

Mean personal, indoor and outdoor RSP concen-
trations for each participant in the study are sum-
marized by monitoring period in Tables 2 and 3.
Average personal exposure was always higher than
outdoor values and exceeded mean at-home levels for
43 out of the 46 participants for which valid samples
were available. Individual RSP values were greater
than outdoor concentrations for 83 75 of the 280 24-h
samples collected and higher than- indoor levels for
787% of 278 samples. Sixty-five percent of daily in-
home values (N = 163) were higher than matched
outdoor levels.

Outdoor, indoor and personal respirable particle
concentrations are compared graphically in Fig. 1.
Outdoor values refer to the daily ‘community average,’
which is defined as the mean ambient RSP level
calculated from measurements outside all 12 resi-
dences on each sampling day (n = 14). Indoor and
personal concentrations include all valid 24-h samples
in each catégory (n = 163 and n = 280, respectively).
These data. show that mean (arithmetic) personal
exposure (36 ugm ™) is 11 ygm™3 (44 %) higher than
average indoor RSP (25 ugm ~?) and 19ugm™3 (112%)
greater than average outdoor RSP (17pgm™3),
Similarly, the mean particle  concentration
indoors exceeds that outside by 8ugm™? (47°),

Percentage distributions and summary statistics for
outdoor, iridoor and personal RSP values are given in
Fig. 2. Measured outdoor RSP concentrations ex-
hibited relatively slight variation, with all vaiues be-
tween 6 and-30 ugm ™2, Indoor levels ranged from 6 to
69 ugm™> and 24°, exceeded 30 ugm™ 3. Personal
cXxposures were even higher, varying from 7 to
125 pgm ™3, Forty-seven percent of observed personal

“values were higher than 30 pugm 3,

Cumpla(ive percentage plots for each distribution
are shown in Fig. 3. These data highlight dissimilarities
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Table 2. Average’personal, indoor and outdoor RSP concentrations recorded during 29 January-10 February 1982, in
Waterbury, Vermont

r

RSP Concentrations (ugm~?)

Personal Indoor Outdoor
Home ID Persontype N X SD. SE N X SD. SE N X SD. SE
B Adult male 6 345 16.5 6.7 7 22.6 4.8 1.8 7° 167 6.0 23
¢ " Adult female 4 23.0 5.1 " " » " 5 " W "
C Adult male 7 499 359 13.6 7 324 122 4.6 » % % "
Adult female 7 33.7 12.8 4.8 " » " » " " " e
F Adult male S 36.2 14.6 6.5 7 214 12.6 48 . »” ~ i
Adult female f 38.1 3.7 12.0 " ,, 5 " = f » =
G Adult male 7 24.7 10.4 39 7 214 5.3 2.0 s o s "
Adult female 7 343 7.1 2.7 ; - ,. " . " ] "
H Adult male 7 22.0 10.2 3.9 i 20.7 9.0 34 " ' W W
J Adult male 5 78.8 80.5 36.0 1/ 18.6 38 14 " i 5
» Adult female 7 579 76.7 29.0 " " . " " " " »
School child 7 56.1 78.6 29.7 B N » - » " W "
K Adult male 7 419 16.5 6.3 7 12.9 36 1.4 " " # W
. Adult female 7 25.1 21.0 1,9 " o " " " " " "
School child 7 217 214 8.1 - ” IS " » 5 - w
L Adult male 7 17.7 2.6 1.0 7 179 34 1.3 » " . "
Adult female 6 23.2 10.9 4.5 " ” " » " i " "
Q Adult male 6 717 387 is8 - - . # W "
Adult female 6 373 10.4 4.2 » » » " " " " "
T Adult male 7 56.9 19.1 7.2, 7 30.2 17.1 6.5 " o - i
Adult female 7 453 213 80 .. . " " - " = "
8] Adl.ll{t male 7 32.1 317 12.0 7 18.2 5.0 19 . W o -
Adult female 7 259 7.6 29 = N " " " " " "
v Adult male 3218 203 C9r -7 204 64 24 . ”
Aduit' female S 234 7.6 34 » " " N » " " "
;S.D., Standard deviation.
S.E., Standard error.
i
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Fig.:’ll. Comparison of, means and standard deviations for outdoor, indoor and personal
: " " RSP concentrations (ugm ™).
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Table 3. Average personal, indoor and outdoor RSP concentrations recorded during 26 February-11 March 1982, in
Waterbury, Vermont

RSP Concentrations (pgm™?)

Personal Indoor Outdoor
Home ID Person type N X S.D. SE. N X S.D. SE. N X S.D. S.E.

A Adult male 6 452 10.1 41 7 18.4 4.5 1.7 7 18.1 6.1 23

Adult female 7 264 10.6 4.0 " " » ” v " " "
D Adult male 2 300 - - 7 13.1 43 16 + © " " "
E Adult male 7 324 247 9.3 7 15.3 7.6 29 “ ol " N

Adult female 6 18.8 7.8 32 N N N . i " v N
I Adult male 7 453 T 129 53 7 243 178 67 " " "

Adult female 6 29.1 9.6 3.6 " " " ” " " " "
M Adult male 7 479 25.0 9.5 7 20.2 9.5 3.6 B ° " N

Adult female 7 321 237 9.0 " N N N * W * N
(0] Adult male 7 379 16.0 6.0 7 28.6 111 42 "

Adult female 7 317 104 39 ? " " " ) "
P Adult male S 404 8.2 17 5 42,6 4.8 22

Adult female 35 448 7.6 34 » N N " N
R Adult male 7 52.3 144 5.4 7 493 16.7 6.3 " "

Adult female 7 66.1 304 11.5 " ” " " - " "
S Adult male 6 383 222 9.1 28.6 7.7 2.9 " " i N

Adult female 6 36.5 26.9 11.0 N N N » = " " "
w Adult male No valid samples 7 49.0 11.5 4.4 " " " "

Adult female No valid samples " ” " " " " N "
X Adult male 6 28.8 18.0 7.4 7 243 12.0 4.6 o “ s °

Adult female 6 333 12.5 5.1 ” N N = " " i N

School child 7 36.9 244 9.2 ” " "
Y Adult female 5 25.6 8.9 4.0 5 26.2 43 1.9 ) " =

S.D., Standard deviation.
S.E.. Standard error.

among outdoor, indoor, and personal particle levels.
For example, approximately 70 %, of recorded ambient
concentrations are below 20 ugm™?3, while 459, of
indoor and only 259 of personal concentrations are
less than this value. Similarly, although outdoor levels
were all less than or equal to 30 ugm ™3, 75 % of indoor
values and just 53 %/ of personal exposures were as low.
Results of paired ¢-tests confirm that differences
among the three sample types are statistically
significant (P < 0.05).

Daily fluctuations in average outdoor, indoor, and
personal RSP are displayed schematically in Fig. 4.
Mean personal exposure was higher than both indoor
and outdoor measurements in all cases. Average
indoor levels exceeded ambient concentrations on 12
out of 14 sampling days. Mean personal values also
tended to fluctuate more widely, often increasing or
decreasing by 10 ugm~™* from one 24-h sampling
period to the next. Day-to-day indoor values varied by
more than 5pugm™? only once. Measured outdoor
RSP concentrations were generally between 10 and
20ugm~? and daily variations were less than
10 g m ™ onall but 2 sampling days. Neither personal
nor indoor RSP were strongly correlated with outdoor
values (personal vs outdoor: n =280, r = 0.06, P
< 0.35; indoor vs outdoor: n= 163, r=0.11, P
< 0.17). A significant relationship was observed, how-

ever, between personal exposure and in-home concen-
trations (personal vs indoor: n = 278, r = 0.50, P
< 0.0001).

The general relationship observed among RSP
samples in Waterbury, personal > indoor > outdoor,
has been a consistent finding in all personal monitoring
studies (Binder et al., 1976; Ferris et al., 1979; Spengler
et al, 1980; Spengler and Tosteson, 1981; Dockery
and Spengler, 1981; Spengler et al., 1981, 1983;
Sega and Fugas, 1982). Because individuals move
through a variety of micro-environments (and RSP
concentrations) during their normal day-to-day ac-
tivities, personal exposure and associated variability
are likely to be greater than measured in-home or
outdoor values (Repace and Lowry, 1980). Sources of
elevated particle concentrations which a person might
encounter in the course of a typical day include passive
exposures to tobacco smoke (especially in enclosed,
poorly ventilated spaces) and occupational and in-
transit exposures.

A summary of time-activity data for the 48 volun-
teers (280 person-days) is presented in Table 4: On the
average. participants spent approximately 74°, of
their time at home, which undoubtedly accounts for
the stronger correlations between in-home and per-
sonal RSP measurements. People were indoors (1.e.
home, work, public place, other) 94 °  of the time, in-
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transit 4%, and outdoors only 1%. Women were at
OUTDOOR : home a significantly (P < 0.05) greater amount of time
than men (76.5 % vs 71.6 %;). Similarly, men spent more
time in-transit (5.2% vs 3.7%) and outdoors (2.1 % vs
0.7%) than women. These values are in excellent agree-
ment with figures presented by other investigators
(Chapin, 1974; Szalai, 1972; Moschandreas and Morse,
1979).

Because women stayed at home a greater portion of
the time, correlations between in-home RSP concen-
trations and personal exposure were higher for them
INDOOR (r=061;, P< 0.00QI) than men (r=042; P

< 0.0001). Not surprisingly, mean personal exposure

N X SE SO RANGE for men (40pugm™3) exceeded that for women

(33 ugm™3) by 7ugm™2 (21%). A significant corre-

lation (r = 0.43, P < 0.0001) was observed between
husbands’ and wives’ individual exposures.

A comparison of time-activity data for weekdays
versus weekends is given in Table 5. As expected, on
weekends significantly more time is spent at home
(83.27; vs 70.5%) and outdoors (2.5% vs 0.9%) and
PERSONAL less at work (2.5%; vs 16.6 %). Yet even though people

were inside their homes a greater percentage of the
N X SE S0 RANGE time, weekend personal exposures were not as strongly

280 3667130 210 118 correlated with in-home measurements (r = 0.42,
P < 0.0002) as weekday values (r = 0.53, P < 0.0001).
The reason for this-apparent discrepancy is unclear,
BEOME TRIC however, differences were slight and probably due in
part to the small sample size.

Average personal exposure as a function of exposure

N X SE SD RANGE
14 17" 160 sus 23

S0 60 7@ 80 O 100 HO 20

163 252’ Lonn3un 63

Pin

CARITHMET IC

3 ) . .
RSP(pg/m™) category and time exposed is shown in Table 6. No
Fig. 2. Percentage distributions and summary statistics differences in aveljage personal expos.ure Wer.e ap-
for outdoor, indoor and personal RSP concentrations parent based on time spent at work, in-transit and
o {(ugm™?). outdoors. Cigarette smoke, however, was found to be

PERSONAL |

[ i ] 1 | | - 1 = 1 |
0 - 20 ¥ a0 3 50 76, 80 0 0 o 1z0
ASP (ug/m>) :

Fig. 3. Cumulitive p}cr‘centqge distributions for outdoor, jndbof and personal RSP concentrations
i~ X i S ! |
' (ugm ™).
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Fig. 4. Daily fluctuations in average outdoor, indoor and personal RSP concentrations (ugm™3).

an important determinant. People experiencing pass-
ive exposure to tobacco smoke for more than 2 h
day™' had significantly greater RSP values. Their
mean personal exposure (50.1 ugm~3) was
18.4 pugm 3 (58 %) higher than individuals who were
not subjected to any tobacco smoke (31.7 ugm~3).
Similar findings have been reported by other investi-

gators (Repace and Lowrey, 1980; Dockery and
Spengler, 1981; Spengler et al, 1980; Spengler and
Tosteson, 1981; Spengler et al., 1981, 1983).
Percentage distributions for personal RSP exposure
in each smoke-exposed category are shown in Fig. 5. It
is clear that exposure tended to be elevated for
individuals in the ‘high’ smoke-exposed group

Table 4. Summary of time-activity data for participants in the 1982 Harvard Personal
Monitoring Study in Waterbury, Vermont

% Time
Micro-environment Person type N* X S.E. S.D.
Home All 280 73.9 1.0 17.1
Adult males 123 71.6t 1.7 18.7
Adult females 144 76.5+ 1.3 15.6
Work All 280 12.7 0.9 15.8
Adult maies 123 14.2 1.5 16.9
Adult females 144 12.6 1.3 15.0
Public place All 280 45 0.4 7.2
Adult males 123 5.0 0.9 8.2
Adult females 144 4.4 0.5 6.5
In-transit All 280 43 0.3 5.7
Adult males 123 5.2t 0.7 74
Adult females 144 3.7+ 0.3 3.7
Other indoors All 280 32 0.6 9.5
Adult males 123 20 0.9 96
Adult females 144 22 0.5 5.8
Outdoors All 280 1.3 0.3 4.1
Adult males 123 2.1t 0.5 5.4
Adult females 144 0.7+ 0.2 2.5

* N, Number of person-days.

t Values for males and females are significantly different (P < 0.05) based on t-test

results,
S:E.. Standard error.

S.D., Standard deviation:

-



Personal exposure to respirable particles: a case study in Waterbury, Vermont 1391

Table 5. Comparison of time-activity data for weekdays and weekends for
participants in the 1982 Harvard Personal Monitoring Study in Waterbury,

Vermont
% Time
Micro-environment Day N* X SE.  SD.
Home Weekday 204 70.5t 1.1 16.2
Weekend 76 83.2¢ 1.9 16.3
Work Weekday 204 16.6t 1.2 16.4
Weekend 76 2.5¢ 0.9 7.5
Public place Weekday 204 4.7 0.5 7.5
Weekend 76 40 0.7 6.5
In-transit Weekday 204 44 0.4 5.2
Weekend 76 4.0 0.8 7.0
Other indoors Weekday 204 3.0 0.6 8.1
Weekend 76 3.8 1.4 12.6
Ourtdoors Weekday 204 0.9t 0.2 33
Weekend 76 2.5t 0.7 5.6

* N, Number of person-days.
t Significantly different (P < 0.05) based on t-test resuits.
S.E., Standard error.

S.D., Standard deviation,

Table 6. Personal RSP concentration as a function’ of exposure mode and time
exposed

Personal RSP concentration (ugm™3)

Time exposed

Exposure mode (min day ") N* X S.E. S.D.
Passive exposure >120 63 50.1 2.8 22.1
to tobacco smoke 1-120 33 329 2.5 14.1
0 184 31.7 1.5 19.9

Work >120 116 38.6 2.2 231
1-120 14 29.6 36 134

0 150 345 16 20.0

In-transit >120 30 36:6 33 17.8
1-120 183 358 1.5 20.5

0 67 36.1 3.0 24.6

Outdoors >120 55 34.8 238 205
“1-120 169 26.1 1.6 20.4

0 56 36.7 33 244

*N, Number of person-days.
S.E., Standard error.
S.D., Standard deviation.

(> 120minday~'). Mean values were similar for  important to establish where passive-smoke exposure

medium-exposed (1-120 min day™') and nonexposed
classifications. Five personal samples (four different
people) in the nonexposed group exceeded 80 ugm=3,
despite the apparent absence of tobacco smoke (based
on activity-log data). Since corresponding in-home
RSP levels for these five individuals varied from'2 to
58°, of measured personal exposure, it is likely that
elevated personal values resulted from high'RSP
concentrations encountered away from home.
Because participants in the study were nonsmokers,
as were all occupants of their respective residences, it is

TS TR T, | MR v et e = L Tam ¢ w N e

occurred. Thirty-four per cent (98 person-days) of the
280 personal RSP values were classified as smoke
exposed from activity-log data, while 66°% (184
person-days) were considered to be free of tobacco
smoke effects. Data presented in Table 7 show smoke
¢xposure occurrences (time exposed per day) by micre-
environment. None of the volunteers was exposed to
tobacco smoke during travel (in-transit) and only 9 out
of 280 24-h samples had passive smoke exposure at
home. Similarly, just 13 24-h samples had exposure to
passive cigarette smoke in ‘other’ indoor micro-

L 4 Y e ape——ava == aee e T e ey e i o et e
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Fig. 5. Percentage distribution for personal RSP
exposure by smoke-exposed category.

Table 7. Time exposed per day to tobacco smoke by micro-
environment

Time exposed
to tobacco smoke

Micro-environment (min) N*
Home >120 S
1-120 4

0 27

Work >120 28
1-120 10

0 242

[n-transit >120 0
1-120 0

0 280

Public place >120 30
1-120 19

0 231

Other > 120 4
1-120 9

0 269

* N, Number of person-days with reported smoke

exposure.

KEN SEXTON et al.

environments. Most smoke exposure was in public
places (30 person-days with > 120 min) and at work
(28 person-days with > 120 min).

Developing a model for personal exposure

It is becoming increasingly apparent that personal
RSP exposure is not characterized adequately by
outdoor measurements. This and other studies
(Dockery and Spengler, 1981) have shown that in-
home RSP concentration is the single most important
determinant. However, even when information about
time at home and associated particle levels is on hand,
most of the variation in personal exposure remains
unexplained. Because large-scale personal monitoring
studies are not feasible currently, development of a
method to estimate personal exposure from available
data is a primary goal.

Assessment of integrated exposure to air pollution
must take account of time spent in important micro-
environments and associated pollutant concentrations.
The basis for this approach has been described by
Fugas (1976) and elaborated upon in subsequent
papers by several investigators (Ott, 1980; Duan, 1980;
Duan, 1982; Tosteson and Spengler, 1981). While the
time-weighted exposure model provides a useful
theoretical framework for analysis, its practical value is
limited by a paucity of information about time-activity
patterns ‘and indoor pollution levels.

Data collected during the 1982 Harvard Personal
Monitoring Study in Waterbury, Vermont, offer a rare
opportunity to evaluate the predictive capability of a
simple time-weighted exposure model. Measured
parameters available for inclusion in the model are
personal, in-home and outdoor RSP concentrations as
well as time spent in various micrd-environments.
Average values were calculated for each of the 43
participants with 4 or more valid sampling days.
Means, standard deviations, and minimnum and maxi-
mum values for each parameter are given in Table 8.
All time exposed to tobacco smoke, regardless of where
it occurred, was treated as a separate micro-
environment.

These data confirm that people were indoors most of
the time (98.7 %), primarily at home (73.7 %). Despite
the fact that all volunteers were nonsmokers, the
average time exposed to tobacco smoke across all
microenvironments was 5.7°%; (range 0-23°;). The
mean time-weighted outdoor RSP contribution
(tour s Coyr) to personmal exposure was just
0.2 ugm ™3, while the average time-weighted indoor
RSP contribution (;y » C;y) was 18.2 ugm™>. Mean
personal exposure ranged from 17.7 to 77.7 uygm™?,
with an arithmetic mein of 36.0 ugmi ™2

The correlation matrix for model parameters is
displayed in Table 9. Personal exposure {Cpggg) was
positively correlated ‘with 1y« Cyy (r=040; P
< 0.008) and tgypg (r = 0.30: P < 0.05). Personal ex-
posure was negatively correlated viih time spent at
home (r = ~0.28; P < 0.07), suggesting that in-home
RSP concentrations tended to be less than values
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Table 8. Measures of central tendency and variability for model parameters
Parameters X SD. Min. Max
Time outdoors (%,)* 1.3 2.7 0 16.5
Time in public places (%)* 2.6 2.5 0 9.2
Time in ‘other’ micro-environments ( %,)* 2.9 5.7 0 24.9
Time in-transit (%,)* 4.3 32 0 17.6
Time exposed to smoke (% 5.7 6.4 0 23.0
Time at work (%,)* 9.5 9.1 0 28.2
Time at home (%,)* 737 10.7 49.6 98.1
tour X Coyr (ugm ™)t 0.2 04 0 2.7
ty X Cry (ugm™ )3 18.2 7.6 8.6 4.7
Choeps (ugm™2)§ 36.0 12.2 17.7 7.7
* No smoke exposure.
ttout = fraction of time outdoors, Cy = measured RSP concentration outdoors.
% t;y = fraction of time indoors at home; C,y = measured in-home RSP concentration.
. § Cpgrs = measured personal RSP exposure.
S.D., Standard deviation.
Table 9. Correlation matrix for model parameters
tpp LOTHER tTrRAV LEXPS twoRK N tour *Cour  IN*XCpy Corers
tout —0.02* 0.01 -0.06 -0.24 -0.20 0.07 0.98 —0.06 -0.13
0.90t (0.93) (0.71) (0.13) 0.21) 0.67) (0.0001) (0.71) (0.40)
. -0.22 0.22 -0.20 -0.06 —0.01 —-0.03 0.28 0.14
RE: (0.16) (0.16) (0.20) (0.70) (0.98) (0.87) (0.07 (0.36)
: —0.07 -0.20 -022 -0.15 —-0.03 -0.22 -0.25
SIHER B} (0.64) (0.20) 0.16) (0.32) (0.84) (0.16) 0.11)
0 0.23 0.10 -0.52 —0.07 -0.28 0.22
MRAY 0.13) (0.52) (0.004) (0.67) (0.0M (0.15)
; -0.09 —-0.39 -021 -0.22 0.30
EXES (0.59) (0.01) (0.18) (0.15) (0.05)
. —0.65 -0.07 -0.28 0.22
' }w’oax (0.0001) 0.67) (0.07) (0.15)
, 0.11 0.50 —-0.28
Ly (0.49) (0.0001) (0.07)
topr X C 0.09 -0.14
oLy = ~out (0.55) (0.36)
' 0.40
ty X Cry (0.008)

oyt = time fraction outdoors.
tpp = time fraction in pubiic places (no smoke exposure).

loTHER = time fraction in "other' micro-environments (no smoke exposure).

Trrav = time fraction in-transit (no smoke exposure).
texps = time fraction exposed to smoke.

{work .= time fraction at work (no smoke exposure).

A = time fraction indoors at home (no smoke exposure).

tour X Coyr = time fraction outdoors times measured outdoor RSP concentration.
t;n % Ciy = time fraction indoors at home times measured indoor RSP concentration.

Cpgrs = meisured personal RSP exposure.
* Pearson correlation coefficient.
T Probability.

.encountered away from home. It is important to point
out, however, -that RSP emissions are likely to be
greatest when people are at-home. Therefore, use of a
24-haverage torepresent C, may under-represent the
indoor contribution and over-represent other
contributions.

To estimate exposure, data on RSP concentrations
as well as time in relevant micro-environments are

necessary. Although information about time-activities
was available for each individual, RSP measurements
were conducted in only two micro-environments;
outdoors (Coy,r)and indoors at home (Cjy ). As shown
in Tables 8 and 9, t;y » C; is 2 major determinant of
personal exposure, while (5 ;+Coyy makes a
negligible contribution. Given that personal exposure
tended to be negatively correlated with time spent at

B L DTS SRR,
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home (£;y) and that 1,y « Cy by itself explained just
169, of the variance in personal exposure, it is likely
that particle concentrations in other micro-
environments had substantial impact on individual
RSP values.

To investigate this issue further, a model was
constructed to estimate RSP concentrations in micro-
environments where measurements were not made
(e.g. work, exposed to smoke, in-transit). Because
fraction of time spent in all of the micro-environments
sums to 1 for each individual, a modification of the
conventional linear regression technique is needed
{Spengler and Tosteston, 1981). To accomplish this, the
time-weighted in-home concentration (ty+Cyy) is
subtracted from measured personal exposure (Cpggg)
and this value (excess RSP away from home) serves as
the dependent variable. Explanatory variables are
fraction of time spent in various micro-environments
(i.e. work, exposed to smoke, in-transit, public place,
other, outdoors).

Apart from taking covariance among time fractions
into account, subtracting t; « C,y from personal RSP
exposure is a logical step. Considering only ‘excess
RSP away from home’ (Cpppg — £y # Cpn) reduces the
amount of particle mass to be approtioned among
remaining micro-environments. A linear regression
approach relating Cpgpg — t;n» Cyy to time in other
locations was combined with a stepwise regression
technique (SAS, 1982) to derive estimates of RSP
concentrations in three micro-environments where no
measurements were conducted; exposed to tobacco
smoke (any place), work (no smoke eposure), and in-
transit (no smoke exposure). Results are summarized
in Table 10.

The fraction of time people experienced passive
exposure to tobacco smoke was the single most
important determinant of Cpgps— ty # Cin. Adding
time at work to the model decreased the root mean
square (r.m.s.) difference from 9.2 to 8.2 ugm ™3 and
increased the explained variance (r?) from 27 to 44 %,
The best 3 variable model (i.e. exposed to smoke, work,
in-transit) lowered the r.m.s. difference to 7.7 uyg m~?
while increasing the proportion of explained variance
to 517%;. Adding additional independent variables to
the model (i.c. time fraction in public places, other
indoor environments, outdoors) did not provide any
significant improvement in predictive capability.

Regression coefficients derived for each micro-
environment in the three variable model are statisticaily
significant (P < 0.05) and furnish a means of estimat-
ing RSP concentrations in these locations. Respirable
particle values were calculated to be 8l ugm™°
(+19 ug m™?) during exposure to tobacco smoke,
45pugm™> (+13ugm~?) at work (no smoke ex-
posure), and 92 ug m™? (£ 39 ug m™*) in-transit (no
smoke exposure). The intercept term implies that the
combined RSP concentration outdoors, in public
places, and in ‘other’ micro-environments was ap-
proximately 5 ugm~*. While this estimate is probably
low (e.g. average outdoor RSP concentration was

Table 10. Best-fitting least-squares regression models for personal RSP exposure (ug m™?) minus time-weighted in-home concentration (ugm™?3)

r.m.s.

Diflerence

Adjusted

Coctlicients

r?

P>F (ugm™?)

S.E.

(ngm™3)

Terms

Model

13
87

intercept

Best 1 variable model

0.25

0.27

9.2

0.0003

15.31

22

exposed to smoke

intercept

Best 2 variable model

0.41

0.44

8.2

0.0001

0.0011

2211

20

92

exposed to smoke
work (no smoke

1233

14

49

exposure)

0.0001

ntercept

Best 3 variable model

17.98

11.44

19
13

exposed o smoke

0.47

0.0617 1.7 051

45

work (no smoke

exposure)
in-transit (no

5.62 0.0227

39

92

smoke exposure)
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17 ugm™?), it is doubtful that actual levels were high
enough to have a substantial impact on integrated
personal exposure. For example, because so little time
was spent in nonsmoke-exposed public places (average
2.6%). RSP concentrations would have to be about
175 ugm ™ to have a time-weighted effect of the same
magnitude as smoke exposure. .

The RSP concentration estimates derived for smoke
exposure, work and in-transit can be combined with
measured parameters (e.g. in-home RSP concentration,
outdoor RSP concentration, time-activity data) to
specify a simple deterministic model for personal
exposure. The equation describing personal RSP ex-
posure for participants in the Waterbury study is given
below

E'=tiv e Cin+tour # Cour + texps » 81 pgm=3
Flwork * 45 g m  + trp,y 92 ugm3,

E = personal RSP exposure (ngm™3)
tin = fraction of time indoors at home (no
smoke exposure)

where

Cin = measured in-home RSP concen-
tration (ug m™?)
Loyt = fraction of time outdoors

Coyr = measured outdoor RSP concen.-
tration (ug m~?)
Lgxps = fraction of time exposed to tobacco

smoke :

twork = fraction of time at work (no smoke
exposure)

frrav = fraction of time in-transit (no smoke
exposure).

It is important to assess the predictive capability of
the model and determine whether it offers a significant
improvement in exposure estimation over ts individ-
ual components. Data presented in Table 11 provide a
direct comparison of three estimators: outdoor RSP
concentration (ugm™*); indoor RSP concentration
(bg m™3); and the time-weighted model. Predicted
values for each method are compared to measured
personal concentrations by proportion of explained
variance (r°), root mean square (r.m.s.) difference, and
paired t-test.

Results of paired t-tests show that differences be-
tween predicted and observed values were significant
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in each case (P < 0.001). Outdoor RSP concentration
is clearly not an important determinant, since it
explains none of the variance in personal exposure and
has a r.ms. difference of 12.3 #gm™>. Indoor RSP
levels were a substantial improvement over outdoor
values as evidenced by the better r? (0.29) and lowered
r.am.s. difference (10.4 ug m=>). Application of the
time-weighted model provided an additional improve-
ment over indoor values, raising the explained variance
to 537 and reducing the r.m.s error to 8.4 ugm™?,

An examination of observed RSP values vs those
predicted from the time-weighted model show that
estimates were reasona bly close to measured concen-
trations for 42 of 43 people. However, the model
seriously under-predicted (35 ugm™?) personal ex-
posure for the individual (adult male) with the highest
average measured value (77.7 ug m ~2). In contrast, his
wife's observed exposure (37.3 ug m ~3) was estimated
closely and agreed well with measured in-home RSP
(25.5 pg m™3). Since he reported no passive exposure
to tobacco smoke, it is likely that the discrepancy
results from failure to record smoke exposure.
Alternatively, it is possible that he consistently ex-
perienced elevated RSP levels in some other microen-
vironment. Removing this one person from the data set
(n =43 -1 = 42) increased the proportion of variance
explained by the model t0'67 % and lowered the r.m.s,
error to 6.1 uygm ™3,

DISCUSSION

"Previous studies

" Personal monitoring studies are expensive, time
consuming, and labor intensive. Available instrumen-
tation is still relatively primitive compared to ambient
monitors and real-time measurements are not feasible
at the present time. Given these limitations, it is not
surprising that few such investigations have been
undertaken. Location, study design, and findings from
previous personal monitoring studies which focus on
particle concentrations are given in Table 12. A more
thorough review of the state of the art in this field is
available in a recent publication from the World
Health Organization (WHO, 1982).

These data highlight the paucity of information on

Table 11.! Comparison of three estimators of personal RSP exposure: outdoor RSP

concentration; in-home RSP concentration

and a’time-weighted éxposure model

Estimators
Parameter Outdoor* In-homet Modelt
Proportion of explained 0.00 0.29 0.53
variance (r?)
r.m.s. Difference§ 12.3 104 8.4
Paired t-statistic (41 d.f) 10,1 7.3 37

* Outdoor RSP concentration,
t In-home RSP concentration.
$ Exposure =

§Root mean square difference.

AZ 18:7-j

a8 Cin +iout* Cour + texps * 81 pgm™?
Flwork “35ugm ™ +i7pay * 92 g m

-3
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Table 12. Summary of location, study design, and findings from previous personal monitoring sludies

Location

Reference(s)

Study design

Findings

Ansonia, CT

Zagreb, Yugoslavia

Watertown, MA
Steubenvitle, OH

Topeka, KS

Kingston Harrison,
N

Binder (1976}

Fugas ¢r al. (1981) Sega
and Fugas (1982)

Dockery and Spengler
(1981)

Spengler et al. (1980),
Spengler and Tosteson
(1981), Tosteson and
Spengler (1981)

Spengler et ul. (1981)
Spengler et al. (1983)

20 school children carried personal

RSP samplers for 1 day

12 volunteers carried personal RSP

samplers during winter and summer
198071981

37 volunieers carried personal RSP
samplers during summer and winter
1975/1976

46 volunteers carried personal RSP
samplers during May and Junc 1979

88 volunteers carried personal RSP
samplers during February and
March 1980

Outdoor measurements do not reflect accurately the
RSP concentrations experienced by individuals.

Good correlation in winter between cutdoor and per-
sonal RSP measurements, but none during the
summer.

The apparently good agreement between outdoor and
personal exposure (winter) is not due to close associ-
ation, but to the fact that both varied within relatively
narrow limits at high concentrations.

A considerable part of personal exposure comes from
particles which are not related to outdoor seurces.
Mean personal exposure reflects city-wide outdoor
concentrations.

Measured in-home RSP concentrations explained
about 50Y, of the variance in personal exposure, -

A time-weighted activity model did not provide signifi-
cantly better predictions than just in-home concen-
trations alone.

Personal exposures were poorly correlated with am-
bicnt RSP concentration.

Passive exposure 1o cigarette smoke stands out as the
most common cause of high personal exposure.

There was high variability in personal exposures across
the population.

Personal exposure is only weakly correlated with out-
door measurements at central sites.

Ambicnt RSP values underestimate exposures for non-
smoking and smoking subjects.

The chemical composition of the average personal
excess (personal-outdoor) may be different than that of
outdoor RSP.

The positive covariance between exposure and venti-
lation may enhance the difference between personal
and outdoor exposures.

96¢1
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personal exposure which is currently available. Less
than 250 people have carried personal RSP monitors
and some studies lasted only one day. The limited data
base is reflected in the conflicting nature of published
results, with some investigators reporting a weak
relationship between outdoor and personal RSP
(Binder, 1976; Spengler et al., 1980; Spengler and
Tosteston, 1981, Tosteson and Spengler, 1981;
Spengler et al., 1981, 1983) and others finding a strong
correlation (Fugas et al., 1981; Sega and Fugas, 1982;
Dockery and Spengler, 1981). One finding which has
been consistent across all studies is the important
contribution of in-home RSP concentration to indi-
vidual exposure.

1982 Harvard personal monitoring study

[tis important to put the Waterbury, Vermont, data
into perspective before attempting to draw any conclu-
sions. Measurements were conducted during two 2-
week monitoring periods from January to March 1982.
Indoor pollution levels are known to be higher in the
winter due to reduced ventilation (NAS, 1981) and
people are likely to spend more time indoors during
cold weather. Furthermore, outdoor pollution levels
also vary with season and could be higher during
summer months depending on local sources, regional
transport, and meteorological conditions.

It is interesting to note that studies reporting a
strong correlation between personal and outdoor
particle concentrations were done in relatively polluted
areas (Fugas et al, 1981; Sega and Fugas, 1982;
Dockery and Spengler, 1981). The consistently low
ambient RSP concentrations (and limited variability)
in Waterbury precluded the possibility of finding a
strong correlation with either indoor or persorial
values. As reported in an earlier paper (Sexton et al.,
1983a), RSP levels in residential sections of Waterbury
exhibited dramatic diurnal variation, with night-time
values frequently exceeding afternoon concentrations
by 5- to 10-fold. If, as expected, people spend less time
outdoors at night and air-exchange rates in homes tend
to decrease in the evening, the impact of outdoor
particie values on personal exposure is reduced even
further.

No attempt was made to obtain a random sample
from the Waterbury population. Only nonsmoking
volunteers were accepted and preference was given to
couples from the same household. Participants tended
to be weli-educated and conscious of environmental
issues. Because it is obvious that the self-selection
process and elimination of smokers [rom the study
introduced biases, one must exercise caution when
interpreting results and applying findings to other
communities.

CONCLLSIONS

Results of a personal monitoring study in
Waterbury. Vermont, during the winter of 1982 in-
dicate that personal RSP exposure is not characterized
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well by outdoor (ambient) measurements. In-home
particle concentrations provide a better estimator, but
still account for only about 25% of the variance in
individual values. A linear regression technique was
used to estimate RSP concentrations in three micro-
environments where measurements were not available
(i.e. passive smoke exposure = 81 ugm~?, work: no
smoke exposure =45 ugm~?, in-transit: no smoke
exposure = 92 ug m~*). A simple time-weighted ex-
posure model, constructed using these values along
with time-activity data and observed indoor and
outdoor RSP levels, explained more than 50% of the
variance in personal exposures. These results are
encouraging, yet it must be remembered that model
coefficients were derived from these same data and
therefore predictive capability may be artifically high.
Furthermore, values may not be valid for other seasons
and their applicability to other people in Waterbury
{e.g. children, smokers) is uncertain. Estimates need to
be improved and refined through subsequent personal
monitoring studies.
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