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nickel--cadmium battery with a lifeti;ne of approximately 8 h.Flow checks with a calibrated rotometer were performed
before and after each 24-h sarnpling period.

I nd oo r I o u t d o o nne os ur e m e n ß

Rf,SULTS

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

EXPERIMENTAL

Personal measutements

_ Information from the Vermont Agency of EnvironmentalConserva.tion-energy-use survey was used to develop amailing list for \ilaterbury. Riquests iÀ. "ãf"*..^ ,"participare in thc personal.moniroing p".rli oi't'tï.,uaywere mailed to 312 faniliis.a_u.ing #*;be, r.iai.i""y-eight people (45 adults 
"n¿ 

¡ "¡,fi¿ì*i'i.", T¿täin *",homes were se¡ecrqd from, among rhe resporlaeiä. No
::l:TI, was made to obtain a random o.pt". inrt."o,selectron was based on willingness to participat.e 

"nã-ur" 
oCwood fuel as a primary or secondary'h..,ìn'frouri:..'onry

nonsmokers were chosen in order,o á¡ni_""",i,JIoäun¿-
ing efrects of tobacco smoke on in-[ome ÀiË.àï.*i."ìi""..
. The age distribution of the volunteei, ì, gr;." rn'i"Ll" rAges ranged from l0 to g2 years. The

adult men,23 adult women and 3 child
of the. men were employed fulltime, as
, n:-,_!1"" children (ages 10, 15 and 17) were studenrs.rarucrpants camed Harvard/EpRl personal samplingpumps with
I 979) every ot
different hom
and another 2
to I I March. Individuals ma
recording time spenr in varior
documenting passive exposures to tobacco smoke.

r ne_ sampt¡ng schedule was designed so that all volunteersturned on thei
and left rhem on samPling days

tnaooi ,Làóit ssible (e.g. during
nearesr wall , P-l_18ged into the

in¿ividuat. ot *.r" oo*.äolf]'y li-r'j,i

outdoor
was always higher than
mean at-home levels for

43 out of the 46 parttclpants
Individûál RSP values were greater

for which valid samples
were available.
than outdoor conqen t¡ations tor 83)', of the 280 24-h
s¿rmples collected and higher than- indoor levels for78\ of 278 samples. Sixty-five percent of daily in-
home values (N = I 63) were higher than matched
outdoor levels.

Outdoor, indoor and personal respirable panicle
concentrations are compared graphically in Fig. l.
Outdoor values reler to the daily rcommunity average,'
which is defined as the mean ambienr RSP level
calculated lrom measurements outside all l2 resi-
dences on each sampling day (n = l4). Indoor and
personal concentrations include all valid 24-h samples
in each catêgory (n : I 63 and n:280, respecrively).
These dala, show that mean (arithmeric) personal

r¡ isl
(25 ye

exposure (36 pgm- I tgm-, (44)l higher than
average indoor RSp m - r¡ and 19 ugm- 3 (ll2)i)greater than average outdoor RSP (17¡gm- t).Table;1. Age distribution ot participants in the Similarly, rhe mean particle concentration1982 ,Harvard personal

Warerbury,
Moniroring Study in

Vermount indoors exceeds that outside by 8 ¡rg m- 3 gt y;¡.

Number of persons Age (years)

Percentage distributions and summary statistics for
outdoor, iridoor and personal RSP values are given inFig. 2. Measured outdoor RSP concentrations ex-

l2
l5-24

liibired relaiively slight variation, wirh all vaiues be-
25-34 tweenóand.3O¡rgm-l Indoor levels ranged from ó tot8 35-44 69 pgm-} and 24"o exceeded J0¡gm-r. personal

2 4ç54 exposures w.ere even higher, varying from 7 ro6 55-& 125¡gm-r.F orty-seve n percent olobserved personal65-74 I Yálues were higher than l0¡-rgm-r
Cumularive percen taqe plots tbr each distribution

personal exPosure
values and excéeded

/

2

3

l
2

' 5-14

Total 48
75-84

arti stibwn:in Fig. J. These data highlighr dissimilarities
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Table 2. Average'personal, indoor and outdoor RSp concentrations record¿d during 29 January-I0 February 19g2, inWaterbury, Vermont 
r.

Home ID Person typc _ N

RSP Concentrations (¡g m - ¡)" 
Indbdr

S.E. N T ,S.D. 
S.E. N

Persônal

x s.D.
Outdoor

7 SE.SD.
B

c

F

c

Adult malc
Adult female

Adult male
Adult female

Adult male
Adult female

Adult male
Adult female

Adult male

Adult male
'. Adult female

School child

Adult male
Adult female
School child

Adult male
Adult female

Adult m.ale
Adult female

Adult male
Adult fernale

Adùlt male
Aduli female

Adult maie
Adi¡trJfemale

6 34.5
4 23.0

7 49.9
7 33.7

5 36.2
7 38.1

7 24.7
7 34.3

7 22.0

5 78.8
7 s7.9
7 56.1

7 4t.9
7 25.t
7 27.7

7 17.7
6 23.2

"6 
'77.7

6 37.3

7 56.9
7 4s.3

7 32.1
7 2s.9

5 27.8
5 23.4

6.7 7

13.6 7

4.8

6.5 7
12.0

3.9 7
2.7

3.9 7

16.0 7
29.O
29.7

ó.3 7
7,9
8.1

1.0 7
¿s

ís.s : :tilr: .

4.2

7.2. 7

8.0 , ,,

12.0 '7

2.9 ;,

'e.t i
l:4

16.5
5.1

35.9
12.8

t4.6
31.7

10.4
7.t

10.2

80.5
76.7
78.6

16.5

21.0
2r.4

2.6
10.9

38.7
10.4

l9.l
2t.3

31.7
7.6

20.3
7.6

22.6

32.4

2t.4

2t.4

20.7

18.6

t2.9

t7.9

25.5

30.2

18.2

zo:+

4.8 l.E 7 ' 16.7 6.0 2.3

3.4 1.3

12.2

t2.6

5.1

9.0

3.8

3.6

t7.l

5.0

6.4

4.6

4.8

2.0

3.4

1.4

t.4

6.5

t.9

2.4

H

I

5

L

a

T

U

v

,S.D., Standard deviarion.
S.E., Standard error.

.a

j i 1.,'.

RSP
(y9/mtl

,.. + s.0

X

1s.0.

r5

,5

; 0UT0@R NOOOR PERSO¡IAL

Fig' l. compariion of meansrnd standard deviarions for outdoor, indoor and prrsonar
RSP concenrrations (¡g m - r).

)i l¡--r



1388 Kex Se:crox ¿r ¿1.

Table 3. Average personal indoor and outdoor RSP concentrations recorded during 26 February-ll March l98Z in
Waterbury, Vermont

Personal
RSP Conc¿ntrations (¡g m- r)

Indoor Outdoor

Home ID Person rype N T S.D. S.E., N T S.D. S:8. N X S.D. S.E.

7A

D

E

Adult male 6

Adult lemalc 7

Adult ma.le 2

Adult male 7

Adult female 6

Adult male 7

Adult female 6

Adult male 7

Adult female 7

Atlult male 7

Adult lemale 7

Adult male 5

Adult female 5

Adult male 7

Adult female 7

Adult male 6

Adult female 6

Adult male
Adult lemale

Adult male 6
Adult lemaie 6

School child 7

Adult femrle 5

45.2 10.1

26.4 10.6

30.0

32.4 24.7
18.8 7 .8

45.3 " l2.g
29.r 9.6

47.9 25.0
32.t 21.7

37.9 16.0
3l;t 10.4

40.4 8.2
4.8 7.6

52.3 14.4
66.1 30.4

38.3 22.2
36.5 26.9

No valid samples
No valid samples

28.8 18.0
33.3 12.5
36.9 24.4

2s.6 8.9

18.4

l3.l
1l;3

20.2

28.6

42.6

49.3

28.6

49.0

24.3

5 26.2

24.3 17.8

4.1
4.0

4.5

4.3

7,6

1.7

1.6

2.9

6.7

3.6

4.2

11

6.3

1.9

7

7

t
7

7

7

5

7

1

7

7

2:6.1l8.l

9.1
3.2

5.3
3.6

9.5
9.0

ó.0
3.9

).7
1.4

5.4
1 1.5

9.1

t 1.0

M

o

P

R

s

w

9-5

I l.l

4-8

r6.7

7.7

I 1.5

12.0

::

4.1

2.9

4:

4.6X

Y

7.4
5.1

9.2

4.0

S.D., Standard deviatlon.
S,E.. Standard error.

among outdoor, indoor, and personal particle levels.
For example, aþproximately 701', of recorded ambient
concentrations are below 20 pgm'3, while 45 7á ol
indoor and only 25)'. of personal concentrarions are
less than this value. Similarly, although outdoor levels
were all less than or equal to 30 ¡rg m - 3, 75 9i olindoor
values and just 53 9,1 of pe rsonal exposures were as low.
Results of paired ¿-tests confirm that differences
among the three sample types are statisrically
significant (P < 0.05).

Daily fluctuations in average outdoor, indoor, and
personal RSP are displayed schematicålly in Fig. 4.
Mean personal exposure was higher than both indoor
and outdoor measurements in all cases. Average
indoor levels exceeded ambient concentrations on l2
out o[ 14 sampling days. Mean personal values also
tended to fluctuate more widely, often increasing or
decreasing by l0pgm-3 from one 2,t-h sampling
period to the next. Day-to{ay indoor values varied by
more than 5lgm-r only once. Measured outdoor
RSP concentrations were generally between l0 and
20 ¡rg m - 3 and daily variations were less than
l0 ¡rg m - I on all but 2 sampling days. Neither pe rsonal
nor indoor RSP were strongly correlated wirh ourdoor
values (personal vs outdoot: n = 280. ¡:0.06, P
< 0.15; indoor !s outdoor: n : ló3. ¡ : 0.1 l. P
< 0. t7). A signifìcant relationship was observed, how-

ever, between personal eiposure and in-home concen-
trations (personal vs indoor: n:278, r:0.50, P
< 0.000r).

The general relationship observed among RSP
samples in Waterbury, personal > indoor > outdoor,
has been a consistent ñnding in all personal monitoring
studies (Binder et al.,1976: Ferris er ol.,1919: Spengler
e¡ aJ., 1980; Spengler and Tosteson, l98l; Dockery
and Spengler, l98l: Spengler e¿ al.,198i,1983;
Sega and Fugas, 1982). Because individuals move
through a variety o[ 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 ol
elevated particle concentrations which a person might
encounter in the course ola typical day include passive
exposures to tobacco smoke (especially in enclosed,
poorly ventilated spaces) and occupational and in-
translt exposures.

A summary of time-activity data for the 48 volun-
teers (280 person-days) is presenred in Table 4. On the
averase. participants spent approximately 74"n ol
their time at home. which undoubtedly accounts lor
the stronger correlations belween in-home and per-
sonal RSP measurements. People were indoors (r.e.

home. work, public place, other) 94 n,, of rhe rimc. in-
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transit 4'/", and outdoors only l/.. Women were at
home a significantly (P < 0.05) grearer amounr of time
than men (76.5%vs7l.6)). Similarly, rnen spenr more
time in-transit (5.2\ vs 3.7 /") and ourdoors (2.1),. vs
0.7 /") lhan women. These values are in excellent agree-
ment with figures presented by other investigãtors
(Chapin, 1974; Szalai, 1972; Moschandreas and Morse,
t979).

Because women stayed at home a greater portion of
the time, correlations between in-home RSp concen_
trations and personal exposure were higher lor thern
(r = 0.61; P < 0.0001) rhan men (r = 0.42; p
< 0.0001). Not surprisingly, mean personal exposure
lor men (40 ¡rg m-,) exceeded that lor women
(33 ¡gm-r) by 7 pgm-r (2Li/"). A significant corre-
lation (r:0.43, P < 0.0001) was observed between
husbands' and wives' individual exposures.

A comparison of ,time-activiry data lor weekdays
versus weekends is given in Table 5. As expected, on
weekends significantly more time is spent at home
(83.2% vs 70.5 %) and outdoors (2.5\ vs 0.91) and
less at work (2.5/,vs 16.6%). Yet even though peopte
were inside their homes a greater percentage of the
time, weekend personal exposures were not as strongfy
correlated with in-home measurements (r : 0.42,
P < 0.0002) as weekday values (r = 0.53, p < 0.0001).
The reason for thisrapparent discrepancy is unclear,
however, differences were slight and probably due in
part to the small. sample size.

Average personal exposure as a lunction ofexposure
category and time exposed is shown in Table 6. No
differences in average personal exposure were ap-
parent based on time spent at work, in-transir and
outdoors. Cigaret¡e srnoke, however, was lound to be
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t4 I z'tlolÒ l,6rt il 6rlst 23

4O

N X SE SO RAATGE

30

:c 20 to 40 50 60

lo 20 io 40 50 60 70
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80 æ fo llo t20
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N X SE. SD. RANCE
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bctoxE tRrc

qJfDcoR

IO 20 lC .1O 50 qf 70 ao 90 too t)o t2o
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Fig. 2. Percenrage distributions and summary statistics
for outdoor, indoor and personal RSp concentrations

(¡g m -').

:c

ñSONAL.

r20

RSP (¡¡gzml )

Fig. J. Cumulative percenrage distributions for ourdoo¡,.indoor and personal RSP concentrations' I j- 
f¡gm-r)'
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an important determinant. People experiencing pass-
ive exposure to tobacco smoke lor more than 2 h
day-I had significantly greater RSP values. Their
me:rn personai exposure (50.1 pgm-3) was
18.4 pg m - 3 (58 iz") higher than individuals who were
not subjected to any tobacco smoke (31.7¡rgm-3).
Similar findings have been reported by other investi-

-rt..
-l

/a- -a

'a

gators (Repace and Lowrey, 1980; Dockery and
Spengler, l98l; Spengler et al., 1980; Spengler and
Tosteson, l98l; Spengler er a!.,1981, 1983).

Percentage distributions [or 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

ù'
\

r
,¡.

FRI SUN fUE IHUR SÂf MON WÉO ÉRI SUN fUE IHUR SAI ÀtlON WEO

J.O8 3-rO

( DATE)

Fig.4. Daily fluctuations in average out¿toot', indoor and personal RSP concenrrations (pgm-3).
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Table 4. summary of time-activìty data for participants in the l982 Harvard personal
Monitoring Study in Waterbury, Vermont

îá Time

Micro-envii¡onment Person type Nr T S.E. S.D.

Home

Work

Public placc

In-transit

Other indoors

Outdoors

Atl
Adult males
Adult females

An
Adult males
Adult females

Alt
Adult males
Adult females

All
Adult males
Adult females

All
Adult males
Adult females

All
Adult males
Adult lemales

t.0
t.7
1.3

0.9
1.5

1.3

0.4
0.9
0.5

4.3
5.2+
3.7r

0.3
0.7
0.3

0ó
0.9
0.5

1.3

2.It
0.7r

0.3
0.5
0.2

280
r23
t4
280
t23
t44

280
r23
t44

280
t23
l4
280
t23
144

280
l2l
t4

73.9
7 t,6r
76.5+

t2.7
t4.2
t2.6

4.5
5.0
4.4

t7.t
18.7
r 5.ó

l5.E
16.9
l5-0

7.2
8.2
6.5

5.7
't.4

3.7

9.5
9.6

:5.8

4.1

5.4
2.5

3.2

2.0
2.2.

'N, Number of person<Jays.
T Values for males and females are significantly differenr (p < 0.05) based on ¡-test

iesults.
S:E., Standard error.
S.D.r Standârd devia¡ion.
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Table 5' comparison of time-acrivity data for weekdays and weekends forparticipants in the re82 Harvard 
;"ä.J""j 

ù;"i,;ils.s,ùi ¡i-wài.ìi"ä

l39l

)(Time
Micro-environment Day Nr Í s.E. s.D.

Home

Work

Public place

In-transit

Other indoors

Ourdoors

tffeekday

Weekend

Weekday
Weekend

Vr'eekday
Weekend

Weekday
Weekend

Weekday
Weekend

Weekday
r,Veekend

2M
76

2M
76

2U
76

2M
76

2M
76

2U
76

70.5t
83.2t

ló.6f
2.st

4.7
4.0

4.4
4.0

3.0
3.8

0.9t
2.st

l.l
1.9

t.2
0.9

0.5
0.7

0.4
0.8

0.6
1.4

0.2
0.'7

16.2
16.3

16.4
7.5

7.5
ó.5

5.2
7.O

8.1

12.6

3.3
5.6

'N, Number of person-davs.
t Significantly different (p <
S.E., Standard error.
S.D., Standard deviat.ion.

Table 6' Personal RSp concent¡ation as a function.of exposure modc and time
exp rsed

0.05) based on ¡-tesr resulrs.

Perspnal RSP concentration (¡g m-r)

Exposure mode
Time exposed
(min day - ') N'r 7 s.E. s.D.

Passive exposure
to tobacco smoke

> t20
l-120

0

>,120
l-t 20

0

> 120
l-120

0

> 120
'l-120

0

50. I
32.9
31.7

38.ó
29.6
34.5

36,ó
35.8
36. I

34.8
26.1

36.7

ó3

33

184

ll6
l4

150

l0
r83
67

55
ló9
5ó

22.1
t4.l
19.9

23.t
13.4
20.0

17.8
20.5
24.6

20.5
20.4
24.4

2.8
2.5
1.5

2.2
3.6
1.6

3.3
1.5

1.0

2.8
1.6

3.3

Work

In-transi t

Outdoors

'N, Number of personlavs.
S.E.. Srandard erior.
S.D., Standard deviarion.

passlve clgafette smoke in .other, indoor micro_
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environments. Most smoke exposure was in public

places (30 person-days with > 120 min) and at work
(28 person-days with > 120 min).

Deueloping 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 Spengier, 1981) have shown that in-
home RSP concentration is the single most important
determinant. However, even when inlormation about

time at home and associated Particle levels is on hand,

most o[ the variation in personal exposure remains

unexplained. Because large-scale personal monìtoring
studies are not feasible currently, development ol a

method to estimate personal exposure lrom 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 concen!¡ations.
The basis lor 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, l98t). While the

time-weighted exposure model provides a use lul
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, Verrnont, 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 cqncentrations as

well as time spent in various micro-environments.
Average values were calculated lor each of the 43

particþants with 4 or more valid 'sampling 
days.

Means, standard deviations, and mini{num and maxi-

mum values lor each parameter are given in Table 8.

All time exposed to tobacco smoke, regardless olwhere
it occurred, was treated as a separate micro-

environment.
These data confirm that people were indoors most oI

the time (98.7 %\ primarily at home (13.7 "'L). Despite

rhe lact that all volunteers were nonsmokers, the

average time exposed to tobacco smoke across all

microenvironmen(s was 5.79i (range 0-23e;)' The
mean time-weighted outdoor RSP contribution
(rou l. r Cour ) to personal exposure was just

0.2 ¡rgm-r, while the average time-weighted indoor
RSP contribution (rrN r C¡¡ ) was 18.2 ¡rg m - r. Mean
personal exposure ranged lÌom l'1.7 ro 77.7 pgm-t,
with an arithmetic mean ol 36.0 ¡rg ni - r.

The correlation matrix lbr model parameters is

displayed in Tat¡le 9. Personal expos,ure (Cp¡*r) was

positively correlated with t¡. r C¡r (r : 0.40; P

< 0.008) and r¡"p5 (r : 0.30: P < 0.05). Personal ex-

posure was negatively corrélated v'i¡h time sp€nt at

home (r: -0.2B; P < 0.07). suggesting that in-home

RSP concentiations tended to be less than values

NO PASSIVE
EXPOSURE TO TOBACCO

SMOKE
(%)

\ /ol

N X S.E. S.O.

N X S.E, S.O,

33 32.9 2.5 t4.t

20 l0 m tn t20 ìs

'I2O MINUTES OF
PASSIVE EXPOSURE
TO TOBACCO SMOKE

(%)

N X S,E. S.D.

63 50.t 2.8 22.1

r0 20 i0 40 50 60 t0 E0 90 t00 ilo ð ß0

(Pg /m3 )

Fig. 5. Percentage distribution for personal RSP
exposure by smoke-exposed category.

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

M icro-environmen t

Time exposed
to tobacco smoke

(min)

Home

Work

In-transit

Public place

Other

> 120

l-r20
0

> 120
l-r20

0

> 120
t-t20

0

> 120

l-120
0

> 120

l-t20
0

5

4
2'71

28

l0
242

0
0

180

l0
l9

2ll
4
9

169

' N, Nunrber oi pcrson-days with reported smoke
ex posure-
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Table 8. Measures of central tendency and variability lor model parameters

t393

Parameters 7 s.D. Min. Max.

Time outdoors ()()r
Timc in public places (i{)'
Time in 'o!her' micro-environments (ii)r
Timc in-transit (/")'
Time exposed to smoke (ii)
Time at work ("/.)r
Time at home (7.)r
row x Cour (¡rgm-,)f
lrx x Crx furgm-t)T
cpERs (/¡gm-r)$

1.3

2.6
2.9
4.3
5.1
9.5

'71.7

0.2
18.2
36.0

2.7
2.5
5;l
3.2
6.4
9.1

10.7
0.4
7.6

12.2

0
0
0
0
0
0

49.6
0
8.6

t7.7

16.5

9.2
24.9
17.6

23.0
28.2
98 I

2.7
4.7
7't.1

r No smoke exposure.
i¡our: lraction of time outdoors, C6¡-¡: me¿sured RSP concentration outdoors.
*rrN = fraction of time indoors at home; CtN : measured in-home RSP concentration.
$Cp¡ns = measured personal RSP exposure.
S.D., Standard deviation.

Table 9. Corrplation marrix lor model parameters

lpp lotu¡n ttn¡v rexps fwonK ttx to* x Co* ttn x C,on Cpers

low

lpp

fotn¡n

lTn,lv

ftxpt

l*:**
ftN

lour t Cour

Itr 'Cln

- 0.02.
0.90+

0.0r
(0.e3)

-0.22
(0. r 6)

- 0.06
(0.71)

0.22
(0.1ó)

- 0.07
(0.ó4)

-0.24
(0. I 3)

-0.20
(0.20)

- 0.20
(0.20)

0.23
(0. l 3)

- 0.20
(0.21)

- 0.0ó
(0.70)

-o.22
(0.16)

0.10
(0.52)

-0.09
(0.se)

0.07
(0.ó7)

- 0.01
(0.98)

- 0.15
(0.32)

- 0.52
(0.004)

- 0.39
(0.01)

- 0.65
(0.0001)

0.98
(0.0001)

- 0.03
(0.87)

- 0.03
(0.84)

- 0.07
(0.67)

- 0.21
(0. r 8)

- 0.07
(0.ó7)

0.1 I
(0.4e)

-0.06
(0.71)

0.28
(0.0Ð

-022
(0. l 6)

- 0.28
(0.01

-0.22
(0.15)

- 0.28
(0.07)

0.50
(0.000t)

0.09
(0.55)

- 0.13
(0.40)

0.14
(0.36)

- 0.25
(0.1 l)
0.22

(0. r 5)

0.30
(0.0s)

0.22
(0. t5)

- 0.28
(0.07)

-0.14
(0.36)

0.40
(0.008)

four = time fraction ou¡doors.
f pp = (ime fraction in public places (no smoke exposure).
torxrt = time lraction in 'other' micro-environments (no smote exposure).
trr^u = timå fraction in-transit (no smoke exposure).
l¡xps = time fraction exposed to smoke.
tworr_= time lraction at work (no smoke exposure).

,,irx : time fraction indoors at home (no smoke exposure).
fow x Cour = timç fraction outdoors times measured outdoor RSP concentration.
rr¡ x Crx = time fracrión indoors at home times measured indoor RSP concentrarion.
Cpens = meàsured personal RSP exposure.
' Pear5on correlation cóetÏcient.
i Probability.

encount€{ed away from home. It is important to point
gut. however, that RSP emissions are likely to be
greatest when people are at.home. There[ore, use ola
3'{-h average to,represent C," may under-represent the
rndoor contributiorr and over-represent other
contributions.

To estimate exposure..data on RSP concentrations
as well as time in relevanl micro-environments are

necessary. Although information about time-activities
was available lor each individual, RSP measurements
were conducted in only two micro-environments;
outdoors (C6u1) and indoors at home (Crx ). As shown
in Tables 8 and 9, !¡¡ r C¡¡ is a major determinant of
personal exposure, while f our t Cour makes a

negligibJe contnbution. Given that p€rsonal exposure
tended to be negatively correlated w¡th time spent at
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-Table 10. Bcst-lìtting leasl-squares regression models lor personal RSP exposure (lgrn-') minus time-weighted in-home concentration (pg^-t)

r-m.s.
Difference
(¡g 

^ 
-') Adjusted

0.25

0.4r

r2

o.27

0.u

S.E. F P>FModel

Best I variable modcl

Bcst 2 variablc modcl

Tcrms

lnlerccpl
exposcd to smoke

r n lcrcepl
exposed to smokc
work (no smoke

ex posure)

rntcfccpl
exposed to smokc
work (no smoke

cxposu rc)
in-transit (no

smokc exposure)

Cocllicients
(¡g m -')

92

8.2

0.0001

0.0001
0.00r I

0.000t
0.00i 7

22.I
t2.33

22

20
t4

l9
tl

l9

t5.ll

17.98
n.44

t3
87

I
92
49

0.51 0 47

5

8t
45

92

't7

5.62 0.0227

Bcst I variablc n¡otlcl
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I 7 ¡g m - r), it is doubtful that acrual levels were high
enough to have a substantial impact on integrated
personal exposure. For example, bec¿use so little time
w¿ts s

2.6%
175 p
magn

E : úrN . C,n + rour * Cour * ¡ex¡s , 8l ¡rg m-3
* twonr :45 pg 6-3 + tlnev t 92 ¡.rym_3,

where f, : personal RSp exposure (pg m-.)
rrN : fraction of time indoors at home (no

smoke exposure)
C,* = measured in-home RSp concen_

tration (¡g m-3)
four : fraction of time outdoors

Cour: measured outdoor RSp concen.
rrarion (llgm_r)

rexps : fraction of time exposed to tobacco
smoke

Íwonx : lraction of time at work (no smoke
exposure)

Irnev : lracrion oltime in_transir (no smoke
exposure).

Rèsults of paired ¿-resrs show that differences be-tween predicted and observed values were significant

Parameter

DISCUSSION

' Preuious stud,ies

-' 
Perso.nal monitoring studieS are expensive, timeconsuming, and labor intensive. Availabie in.,*rn.n_

tarion is still re.latively primlttve compared a 
"rni¡"n,monitors and real-time measurements are not feasible

at the present time. Given these limitation., ii ¡, no,surprising that few such investigations ¡ave Ueen
undertaken. Location, study designl 

"nA 
nnJing, i.ornprevtous personal monitoring studies which fo-cus onparticle concentrations are given in Table f Z. e rnor.thorough review of rhe srare of the art in tH, Àlj¿ ¡,

?y"il".bli i1 a recent pubtication ir"rr iir" W"¿¿
.rleatrh (Jrganizarion (.WHO, l9g2).

These dara highlight the paucity of information on
Table I LtComparison of three esrimarors of personal RSpconcen rra(ion: i n-home RS p concen rrat_n 

"'nJ 
î,iiåi. *.i

exposure: outdoor RSp
ghted érþosure model

Outdoor.
Esrimators
In-homei Modelg

Proporrion of explained
variance (r¿)

r m.s. DifÏerence$
Paired ¡-statisric (4t d.L)

0.00

flrxps'81 ¡rg¡-l
t¡¡^e'92¡gm-r.

t2.3
r0 I

10.4
7.3

0:9' 0.53

8.4
3.;l

' Ourdoor RSp concentràrion.
t In-home RSp concentrarion.
f E.rposure = tr¡¡ . Crr i lour. Cour

+ twr)RK .45 /g m - r +
$ Roor mean square dilference.

U l8:7-J
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Table 12. -Summary of location, study dcsign, and lìndings fronr prr:vious personal monitoring sludics

Relcrencc(s) Study dcsign FindingsLi¡cation

.Ansonia, CT

Zagrcb, Yugoslavia

Watcrtown, MA
Steubcnville, OH

Topeka, KS

Kingstorr lllrrison,
TN

Binder (197ó)

fugas rt al. (1981) ScBa

and F-ugas (1982)

20 school chiklren carricd pcrsonal
RSP samplers lbr I day

l2 voluntcers carried personal RSP
samplcrs during winter and summc¡
1980/r 98 r

Dockcry and Spcngler
(r98r)

Spcngler et al. (1980),

S¡rnglcr and Tostcson
(1981), Tosteson and
Spcngler (1981)

Spcnglcr ct u/. (

Spcnglcr ct al. ( 981)

37 volun¡ecrs carried personal RSP
samplers during summer. and winler
tg't51t976

88 voluntecrs carriod pcrsonal RSP
srmplcrs during Fcbruary and
March.l980

Outdoor measurcmenls do nol reflrt¡ accurately the
RSP concentrations cxpcrienccd by individuals.

Good correlation in wintcr bctween outdoor and per-
sonal RSP mcasurcments, but nonc during lhe
summer.

The apparently good agreement betwecn ouldoor and
personal gxposurc (winter) is not due lo close associ-
ation, but lo the fact that both varied within relatively
narrow linrits at high concentrations.

A considcrablc part of pcrsonal exposure comês from
particlss which are not related to outdoor sourccs.

Mean pcrsonal exposure rclìocts city-wide outdoor
concentratrons.

Measured in-home RSP concentrations explained
about 50"r;, ol'thc vlriancc in pcrsonal cxposurc.

A timc-wcightctl activity nroCcl ditl not provirJc signifi-
cäntly bcllcr predictions thâri jusl in-homc conccn-
tralions alone.

46 voluntc¿rs carried personal RSP Personal exposurcs wure poorly correlated with am-
samplcrs during May and Junc 1979 bicnt RSP conccntration.

: Passive exposure to cigarctte smoke stands out as the
most common cause of high personal exposure.

the population.

xtÍz
Ittñ
T
oz

È

98 Pcrsonal oxposurc is only weakly correlatod with out-
door muasurcmonts at ccnlral s¡tcs.

Ambicn¡ RSP values undcrestimate exposures for non-
smoking and smoking subjccts.

The chcmic¿l composition of the averagc pcrsonal
excess (pcrsonal-outdoor) mly bc diffcrent (han lhat of
outdoor RSP.

The positive covariance bctween exposure and venti-
lation may enhance the dilìèrence between personal
and outdoor exposures.
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personal exposure which is currently available. Less
than 250 people have carried personal RSp monirors
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 ourdoor and personal RSp
(Binder, 1976; Spengler et al., 1980; Spengler and
Tosteston, l98l; Tosteson and Spengler, lggl;
Spengler e¡ ai., 1981, 1983) and others finding a srrong
correlation (Fugas er a/., l98l; Sega and Fugas, l9g2;
Dockery and Spengler, l98l). One finding which has
been consistent across all studies is the important
contribution of in-home RSp concentration ro indi_
vidual exposure.

1982 Harvard persona! monitoring xud¡,
It is important to put rhe Waterbury, Vermont, data

into perspective before attempting to draw any conclu-
sions. Mea.surements were conducted during two 2-
week moniroring periods from January to March 19g2.
Indoor pollurion levels are known to be higher in the
winter due to reduced ventilation (NAS, lggl) and
people are likely to spend more time indoors during
cold weather. Furthermore, outdoor pollution levels
also vary wirh 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 be(ween personal and out.door
particle concenrrations were done in relarively polluted
areas (Fugas et al., L98l; Sega and Fugas, l9g2;
Dockery and Spengler, l98l). The consisrently low
ambient RSP concentrarions (and limited variability)
in Waterbury precluded the possibility of finding a
strong correlation wirh eithèr' indoor or persorial
values. As .reþorted in an earlier paper (Sexton er a/.,
1983a), RSP levels in residential secrions o[Warerbury
exhibited dramatic diurnal variarion, with nighr_time
values frequently exceeding afternoon concentrations
by 5- to lGfold. If, as expected, people spend less time
outdoors ar night and air-exchange rates in homes rend
to decrease in the evening, the impact of ourdoor
particle values on personal exposure is reduced even
further.

to be well-educated and conscious of environmental
issues. Because it is obvious that (he self-selection
process and elimination of smokers l'rom rhe study
introduced biases. one must exêrcise caurion when
interpreting results and applying findings (o other
communities.

COI\CLL SIONS

Results of a personal monirorins study in
Waterbury. Vermont. during rhe *,inter of l9g2 in-
dicate tha¡ personal RSp exposure is not churacterizcd

well by outdoor (ambient) measurements. In-home
particle concentrations provide a better estimator, but
still account lor only about 25,.,1 oi the variance in
individual values. A linear regression technique was
used to estimate RSP concentrations in three rnicro_
environments where measurements were not available
(i.e. passive smoke exposure : 8l /¡g m-3, work: no
smoke exposure :45 pg m-r, in-transit: no smoke
exposure :92 p1m-l). A simple time-we.ighted ex_
posure model, constructed using these values along
with time-activity data and observed indoor and
outdoor RSP levels, explained more than 5O/" of the
variance in personal exposures. These results are
encouraging, yet it must be remembered that model
coefñcients were derived lrom these same data and
therefore predictive capability may be artifically high.
Furthermore, values may not be valid lor other seasons
and their applicability ro other people in Vy'aterbury
(e.g. children, smokers) is uncertain. Estimates need to
be improved and refined through subsequent personal
monitoring studies.
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