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Several recent panel studies have found significant
incre-ases in acute respiratory symptoms associated with
incre-ases in outdoor particle concentrations [1]. Summa-
rized over the reviewed studies, the prevalence of lower
respiratory symptoms and cough increased by 3 and 1.2%,
res-pectively, for an increase of 10 µg·m-3 in the concentra-
tion of particles with a 50% cut-off aerodynamic diameter
of 10 µm (PM10). In contrast, the mean percentage decre-
ment of peak expiratory flow (PEF) associated with a 10
µg·m-3 increase in PM10 was only 0.08%. Several more re-
cent panel studies have reported similar results [2, 3].

There may be several explanations for the discrepancy
between the magnitude of the symptom and PEF associa-
tions with particulate air pollution. Firstly, PEF may not
be a sensitive lung function parameter. However, studies
using full spirometry found only slightly larger percentage
decrements for the forced expiratory volume in one sec-
ond (FEV1). DOCKERY and POPE [1] reported a weighted mean
FEV1 decrement of 0.15% associated with a 10 µg·m-3

increase in the PM10 concentration. Secondly, the associa-
tions with subjective symptoms may be biased, although it
is difficult to conceive a plausible mechanism that would
cause similar bias in the different settings that have now
been studied. A more likely hypothesis is that methods of
data analysis for PEF have focused on average responses
in a population, whereas symptom analyses focus on the
fraction of the population reporting a specific (adverse)

response. Small changes in the population mean PEF may
be associated with more substantial changes in the occur-
rence of episodes of large PEF decrements. As-sociations
between air pollution and the occurrence of large PEF
decrements in panel studies have not been re-ported until
now.

This report therefore describes the association between
daily variations in PM10 concentration and the prevalence
of episodes of large decrements in PEF. Data were reana-
lysed from five recent panel studies, which mostly invol-
ved children. The magnitude of the PM10 effect estimate
was compared with the magnitude from the original ana-
lysis of the population mean PEF.

Methods

Data

Data were available from panel studies conducted in
Utah Valley [4, 5], Bennekom, the Netherlands [6], Union-
town [2] and State College [3]. Detailed descriptions of
the study populations and data collection methods are
found in the original papers. In brief, daily measurements
of evening PEF at home were conducted in all studies in
panels of children. To characterize exposure, measure-
ments of the ambient concentration of PM10 at fixed sites
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ABSTRACT: Panel studies have found 1–3% increases in reports of acute respiratory
symptoms associated with each 10 µg·m-3 increase in ambient concentrations of par-
ticles with a 50% cut-off aerodynamic diameter of 10 µm (PM10). Statistically signifi-
cant decrements in population mean peak expiratory flow (PEF) have also been
observed but their magnitude is only about 0.1% for the same exposure. This study
evaluated whether this difference is due to the different measurement scales used for
the expression of the effects of air pollution on PEF and respiratory symptoms.

The association between the prevalence of large decrements in PEF (more than
10% or 20% below the median) and PM10 concentrations was analysed using data
from five recent panel studies. The effect estimates were compared to the effect esti-
mates from original studies based on the population mean PEF.

The decrement in the population mean PEF for an increase of 10 µg·m-3 of the
same-day PM10 concentration was 0.07%, averaged over all panels. A significant re-
lative increase of 2.7% (95% confidence interval 1.6–3.8) in the prevalence of PEF
decrements greater than 10% was associated with the same exposure.

In conclusion, defining the peak expiratory flow response by the prevalence of
large decrements provides effect estimates of a comparable magnitude to effect esti-
mates for the prevalence of reports of acute lower respiratory symptoms.
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were available for all studies on a daily basis. The studies
in Utah Valley and Bennekom were conducted in the
winter and those in Uniontown and State College in the
summer. Panels of children aged approximately 9–12 yrs
were selected through the schools using a questionnaire
on chronic respiratory symptoms. The panels in Union-
town, State College and the second winter in Utah Valley
consisted of asymptomatic and symptomatic children (ast-
hma diagnosed by a physician or reports of chronic cough
or wheeze). Children using asthma medication were ex-
cluded from these three studies. In State College and
Uniontown, data from the symptomatic and asymptomatic
children were analysed together, as in the original papers
[2, 3]. The panels in Bennekom and the first winter in
Utah Valley consisted of symptomatic children, including
children using asthma medication. In the first winter in
Utah an asthmatic patient panel was also recruited through
local physicians, including both adults and children (age
range 8–72 yrs). The use of asthma medication was high
in this panel. Thus, data from seven panels were available.
The original papers were followed with respect to restric-
tions on the subjects and days included in the analyses. A
characterization of the panels is presented in table 1.

Data analysis

In four of the original papers [2–5] associations be-
tween PEF and PM10 were estimated by linear regression
of the daily population mean PEF deviation versus PM10
concentration. PEF deviations were calculated by subtrac-
ting subject-specific mean PEF values from the PEF mea-
surement of a subject on a specific day. For each day the
population mean deviation was calculated from the PEF
measurements from all children contributing a valid mea-
surement on that day. In one original paper individual
linear regression analysis of PEF on PM10 concentration
was conducted [6]. The mean of individual regression
slopes was used to estimate the association between PEF
and PM10. Both approaches thus focus on the mean resp-
onse of the population. Several panel studies have docum-
ented that the two approaches yield similar effect  estimates
[2, 4, 5]. In all of the original papers, estimates of the
effect of PM10 were adjusted for linear time trends and
ambient temperature.

For the present study a different approach was taken.
For each individual subject the median PEF was calcu-
lated. Percentage decrements were calculated for each
measurement day for each subject by subtracting the indi-
vidual median from the PEF measured on that day and
dividing the difference by the median. The prevalence of

decrements larger than 10 and 20%, respectively, was cal-
culated as the number of children demonstrating such a
decrement divided by the total number of children report-
ing valid PEF measurements on each day of study. Tran-
sient decrements in FEV1 and forced vital capacity (FVC)
larger than 10% have been considered as adverse effects
[7, 8]. Since the intra-individual variability of PEF is lar-
ger than that of FVC and FEV1, decrements of 20% were
also analysed. Thus, this analysis focuses not on the mean
response, but on the occurrence of biologically relevant
events in the tail of the distribution.

Subtraction of the median was preferred to the mean
because episodes of large PEF decrements affect the me-
dian less than the mean. Since lung growth occurs in chil-
dren, the use of the highest PEF in the study (or the 95th
percentile) was not appropriate. Most observations at the
beginning of the study period were defined as a PEF dec-
rement episode when maximum PEF was used.

The association between the prevalence of large PEF
decrements and the PM10 concentration of the same day,
previous day and the average of the previous 5 days (inclu-
ding the same day) was evaluated with logistic regression.
Following the original studies, same-day temperature and
a linear time trend were included as potential confound-
ers. To adjust for autocorrelation in the residuals of this
model, a first-order autoregressive model (AR-1) for the
residuals was specified [9]. The residuals of the model
were checked for remaining autocorrelation, using the par-
tial autocorrelation function. In none of the panels were
the residuals autocorrelated after specifying an AR-1 mo-
del. The specific logistic regression model incorporated an
estimate of overdispersion or underdispersion into the
standard errors of regression slopes. The overdispersion
parameter ranged 0.75–1.35, resulting in adjustments of
the standard error of between -13 and +16%.

A statistical test of the homogeneity of the estimates of
effects of the different panels was conducted using a chi-
square test [10]. If this test suggested that effect estima-
tes were homogeneous, weighted mean regression slopes
were calculated from the panel-specific slopes using the
inverse of the variance of the regression slopes as the
weights. The standard error of the weighted mean was cal-
culated as the square root of the inverse of the sum of the
weights.

Results

Data description

A description of the study populations is presented
in table 1. The studies in Utah Valley had the longest

Table 1.  –  Descriptive statistics of panel studies included in the reanalysis of peak flow data

Panel Number of days Number of subjects Mean PEF
L·min-1

CV PEF
%‡

Utah Valley, school*
Utah Valley, patient*
Utah Valley, symptomatic†

Utah Valley, asymptomatic†

Bennekom
Uniontown
State College

107
107
100
100
83
74
53

34
21
39
40
67
83

108

260  (149–403)
320  (109–534)
298  (187–403)
308  (203–424)
298  (119–434)
331  (222–450)
342  (237–463)

10 (3–22)
12 (3–37)
9 (2–28)
7 (2–15)
9 (3–25)
6 (2–17)
5 (1–12)

*: Conducted in the winter of 1989/90; †: Conducted in the winter of 1990/91; ‡: mean and range of individual mean and coefficient of
variation (CV) (SD divided by mean) of peak expiratory flow (PEF).
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follow-up, while those in Uniontown and State College
had the largest number of subjects. The mean coefficient
of variation (CV) of the panels reflects the composition of
the panels. The asymptomatic panel in Utah Valley and
the panels from Uniontown and State College included the
largest percentage of children without chronic respiratory
symptoms. The four panels from Utah and the panel from
Bennekom were studied in the winter, and the panels in
Uniontown and State College in the summer.

The distribution of PM10 concentrations in the respect-
ive study periods is shown in table 2. PM10 concentrations
in the three winter panel studies (involving five panels)
exceeded 100 µg·m-3 between 6 and 29 days. In the two
summer panels all PM10 concentrations were below 85
µg·m-3.

The mean prevalence of 10% decrements in PEF ran-
ged from 4% for the State College panel to 17% for the

Utah patient panel (table 3). These mean prevalences par-
tly reflect the different percentages of asthmatic subjects
in the different panels. Seasonal variation may explain
some of the differences between summer and winter pan-
els.

Associations of PM10 with prevalence of large decre-
ments in peak expiratory flow

Increases in the same-day PM10 concentration of 10
µg·m-3 were associated with increases in the prevalence of
10% PEF decrements in all panels (table 4). A chi-square
test did not show significant heterogeneity among effect
estimates from the individual panels. The combined effect
estimate, calculated as 100×(1-exp(combined β×10)), was
2.7% (95% confidence interval (CI) 1.6–3.8). This implies
that the prevalence of decrements in PEF >10% increased
for example, from 10 to 10.27% with each 10 µg·m-3 in-
crease in the PM10 concentration. Slightly larger increases
were found for 20% PEF decrements, but the precision
was lower because of the low prevalence of such large
decrements. The estimates for the two summer panels
(Uniontown and State College) were less precise because
of the smaller number of days of study, the smaller varia-
tion in PM10 concentration and the lower prevalence of
large PEF decrements.

The combined effect estimates for the previous-day
PM10 concentration were similar to the estimates for
same-day PM10: 2.4% (95% CI 1.3–3.5) and 3.4% (95%
CI 1.8–5.0) for PEF decrements of 10 and 20%, respec-
tively. The five-day average PM10 concentration was as-
sociated with stronger increases in the prevalence of 10
and 20% PEF decrements. This was especially the case
for the two panels in the first winter in Utah Valley and the
Bennekom (10% decrements) panel. The difference in the
strength of association between same-day and five-day
average PM10 found for the Utah patient panel is consist-
ent with the results of polynomial distributed lag models
in the original paper showing significant associations after
lag two only [4]. This pattern may be explained by the use
of extra asthma medication mitigating initial but not later
peak flow responses to air pollution [4].

The difference between magnitude of same-day and
five-day average PM10 associations is partly explained by
the lower variability of the latter. The variability of the
five-day average (characterized by the interquartile range,

Table 2.  –  Distribution of daily average PM10 concentra-
tions (µg·m-3) in the respective study periods

Panel Min. Med. 95th 
percentile

Max. No. of 
days

Utah Valley, winter
   1989/90*
Utah Valley, winter
   1990/91†

Bennekom
Uniontown
State College

11

7

13
7

10

35

62

54
34
29

101

189

133
65
68

195

251

175
83
83

107

100

79
74
52

Min.: minimum; Med.: median; Max.: maximum; No.: number;
*: school and patient panel studied in this winter; †: symptoma-
tic and asymptomatic panel studied in this winter. PM10: parti-
cles with a 50% cut-off aerodynamic diameter of 10 µm.

Table 3.  –  Daily prevalence (%) of 10 and 20% percen-
tage decrements in evening peak expiratory flow (PEF)
below individual median PEF

Panel 10%
decrement

20%
decrement

Utah Valley, school
Utah Valley, patient
Utah Valley, symptomatic
Utah Valley, asymptomatic
Bennekom
Uniontown
State College

14 (0–39)
17 (0–53)
10 (0–28)
8 (0–21)

11 (3–21)
8 (0–27)
4 (0–9)

5 (0–19)
6 (0–22)
4 (0–13)
2 (0–12)
3 (0–11)
2 (0–9)
1 (0–5)

Values are shown as mean with range in parentheses.

Table 4.  –  Change in prevalence of 10 and 20% peak expiratory flow (PEF) decrements with an increase of 10 µg·m-3 in
the daily average PM10 concentration, adjusted for time trend and ambient temperature

Same-day PM10 Five-day average PM10

Panel >10% >20% >10% >20%

Utah Valley, school
Utah Valley, patient
Utah Valley, symptomatic
Utah Valley, asymptomatic
Bennekom
Uniontown
State College
p-value heterogeneity
Combined data

6.1 (3.2–9.1)
0.6 (-2.7–4.0)
2.1 (0.3–3.9)
2.6 (0.6–4.6)
0.8 (-3.4–5.2)

12.4 (0.7–25.5)
4.9 (-12.3–25.5)
0.10
2.7 (1.6–3.8)

3.4 (-0.9–7.9)
0.2 (-4.5–5.1)
3.5 (1.2–5.9)
2.6 (-1.2–6.6)
8.7 (2.3–15.4)

21.4 (-2.3–50.8)
-2.5 (-35.7–48.0)
0.36
3.4 (1.8–5.0)

8.6 (4.4–12.9)
3.6 (-1.1–8.5)
3.0 (1.0–5.1)
3.9 (1.4–6.3)
6.9 (-1.4–15.8)
6.3 (-11.2–27.2)

18.7 (-6.5–50.7)
0.30
4.2 (2.7–5.5)

7.7 (1.5–14.3)
3.2 (-3.5–10.4)
4.0 (1.2–6.8)
3.0 (-1.8–7.9)
8.4 (-4.4–22.9)

34.6 (-6.1–92.9)
21.6 (-29.3–109)
0.66
4.4 (2.3–6.5)

Values are percentage change with 95% confidence interval in parentheses. Percentage changes were calculated as 100×(1- OR), with
OR (odds ratio) calculated as exp(combined β×10). PM10: particles with a 50% cut-off aerodynamic diameter of 10 µm.
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IQR) was on average 80% of the variability of the same-
day PM10 concentration. For the five winter panels the
ratio of the five-day mean to the same-day PM10 IQR was
larger (between 0.85–0.92) than for the two summer pan-
els (0.55–0.67).

Comparison with population mean analysis

A comparison with effect estimates reported in the orig-
inal papers is presented in table 5. For all evaluated panel
studies decrements in the population mean PEF with in-
creasing same-day PM10 concentration were reported. The
combined decrement of the population mean PEF for an in-
crease in the PM10 concentration of 10 µg·m-3 was 0.07%.
The largest negative slopes for the population mean PEF
were found for the school panel in Utah Valley and the
panel in Uniontown, PA, consistent with the order of the
effect estimates in the 10% PEF decrement analysis.

Discussion

The main findings of this study were that increases in
the PM10 concentration with 10 µg·m-3 were associated
with an increase in the prevalence of 10% PEF decre-
ments of 2.7%. The same PM10 concentration increase
resulted in an average decrement of the population mean
PEF of 0.07%. The difference between the magnitude of
PEF and symptom effect estimates for PM10 in previous
panel studies is thus largely due to the different measure-
ment scales used in the original analyses.

The combined slope of 0.07% PEF decrement per 10
µg·m-3 PM10 predicts a decrement of only 0.7% of the
population mean PEF during a typical episode with an
increase of the PM10 concentration of 100 µg·m-3. This
small decrement in PEF would be interpreted only as a
mild response. In contrast, the combined estimate for the
same panel studies indicates that the prevalence of 10% or

larger PEF decrements would increase by 31% during
such an episode. Transient decrements in FVC and FEV1
of 10% have been considered as the border between mild
and moderate responses [7, 8]. Thus, a considerable incre-
ase in the number of subjects with a response that could
be characterized as adverse is associated with increased
PM10 concentrations. The magnitude of the PEF effect es-
timate is comparable to the effect estimate reported for the
increase in the prevalence of lower respiratory symptoms
(LRS) [1]. The combined effect estimate in that review
was an increase of 3% in the prevalence of LRS, with an
increase in the PM10 concentration of 10 µg·m-3. The find-
ing of adverse effects on the more objective PEF measure-
ments supports the report of adverse symptom responses
in panel studies, and adds to the database of documented
adverse effects of ambient particulate matter, including
increased hospital admissions and mortality [1].

The larger effect estimate found for the prevalence of
large PEF decrements can be due to different mechanisms.
One possibility is that a small shift in the mean of the dis-
tribution may lead to larger changes of the probability of
responses in the tail of the distribution. This hypothesis is
supported by the fact that increases in PEF of 10 and 20%
above the individual median were negatively correlated
with the PM10 concentration.

An increase of 10 µg·m-3 of same-day PM10 concentra-
tion was associated with a -1.0% (95% CI -2.5–0.5) and
-7.8% (95% CI -11.5–-3.9) change in the prevalence of
increases of PEF of 10 and 20%, respectively.

Another possibility is that only a few children respon-
ded on a specific day with a large decrement, while the
vast majority of the children did not respond at all. This
hypothesis was tested by repeating the original population
mean PEF analysis after excluding the children with the
largest fraction of days with a 10% PEF decrement (chil-
dren above the 75th percentile of the distribution of child-
specific fractions of 10% PEF decrement days from each
panel). Since most children reported a 10% PEF decre-
ment on at least one day, it was not possible to exclude all
children who reported these decrements once. The com-
bined effect estimate of -0.07% (SE 0.02%) was only 8%
lower than the combined effect estimate using all data
(table 5). The combined slope remained significantly dif-
ferent from zero. The small change in the combined slope
was due to a small increase in the slope for the sympto-
matic and asymptomatic Utah panels (panels with a large
weight). The average slope from the other five panels
decreased from -0.11% to -0.07%, but remained highly
significant.

The original population mean PEF analysis was repea-
ted after excluding all days on which a 10% PEF decre-
ment was reported. The combined effect estimate of -0.06%
(SE 0.01%) was 23% lower than the combined effect esti-
mate using all data (table 5).

The finding of a significant decrease in the prevalence
of 10 and 20% PEF increases with higher PM10 concen-
trations suggests that a shift in the distribution largely
explains the larger effect estimates in this study. The effect
of PM10 on the population mean PEF remained after
excluding the 25% of children with the highest percentage
of days with 10% PEF decrements, thus showing that a
shift in the response of the whole population occurs with
increasing PM10 concentration. The small mean response
was, therefore, not caused by large PEF decrements in a

Table 5.  –  Same-day PM10 associations of population
mean peak expiratory flow (PEF) and prevalence of 10%
PEF decrements, adjusted for time trend and ambient
temperature

Panel Population
mean PEF

Prevalence of
10% PEF 

decrements

Utah Valley, school
Utah Valley, patient
Utah Valley,
symptomatic
Utah Valley,
asymptomatic
Bennekom
Uniontown
State College
Combined data

-0.25 (-0.39–-0.10)*
-0.05 (-0.22–0.13)
-0.06 (-0.12–0.00)

-0.04 (-0.09–0.02)

-0.09 (-0.20–0.01)
-0.19 (-0.35–-0.03)
-0.03 (-0.18–0.11)
-0.07 (-0.10–-0.03)

6.1 (3.2–9.1)†

0.6 (-2.7–4.0)
2.1 (0.3–3.9)

2.6 (0.6–4.6)

0.8 (-3.4–5.2)
12.4 (0.7–25.5)
4.9 (-12.3–25.5)
2.7 (1.6–3.8)

*: per cent change in mean PEF (95% confidence interval (CI)
in parentheses) associated with a 10 µg·m-3 change in PM10
concentration, calculated from regression slopes in original
papers and mean PEF of the panel. †: per cent change in preva-
lence of 10% PEF decrements (95% CI in parentheses) associ-
ated with a 10 µg·m-3 change in PM10 concentration. PM10:
particles with a 50% cut-off aerodynamic diameter of 10 µm.
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few children accompanied by a majority of nonresponding
children. This continuity of response is analogous to ob-
servations about population distributions of characteristics
such as blood pressure and body weight. Populations with
a high value for central tendency also tend to have a high
fraction of subjects with an "extreme" value [11]. ROSE [11]
presents several examples in which small changes in the
mean of a variable result in a substantial decrement in the
number of subjects with extreme, biologically relevant
values. A 3% fall in the average systolic blood pressure
was associated with a 25% decrement of subjects with
high blood pressure in UK adults [11]. This phenomenon
can easily be illustrated from the normal distribution. In a
normal distribution with a coefficient of variation (SD/
mean) of 10%, a change in the mean of 0.07% predicts
increases of 1.1% and 1.6% in the probability of decre-
ments of 10 and 20% (1 and 2 SD, respectively). Similar
findings were obtained in a recent cross-sectional study in
24 North American cities. A 3.5% population mean decre-
ment of FVC was associated with a 52 nmol·m-3 difference
in strongly acidic particles [12]. Such a difference would
not be considered clinically important. However, an odds
ratio of 2.5 was found for low lung function (defined as
<85% of predicted) associated with the same exposure in
that study, illustrating that the percentage of children with
clinically relevant low lung function was clearly in-
creased in the more polluted communities.

The discussion in the previous paragraph suggests that
the two different methods of analysis do not present unre-
lated effect estimates. It is unlikely for a specific panel
that the mean response would be close to zero while a sig-
nificant increase in the number of children with 10% PEF
decrements occurs with increasing air pollution. This is
supported to some extent by the comparison of effect esti-
mates in the panels included in this report (table 5). In
both methods of analysis, the largest effect estimates were
obtained for the Utah school panel and the Uniontown
panel. The small variability in effect estimates across
studies (which could be due to random error alone) limits
the possibility of drawing firm conclusions from these
panel studies. It is therefore of interest to repeat this com-
parison with a larger range of effect estimates.

For this study we have chosen to calculate PEF decre-
ments compared with the individual median PEF. In shor-
ter studies on adults, with a smaller time trend, deviations
from the maximum (or a more robust measure such as the
95th percentile) in the study period may be used. In longer
studies on children, with a strong time trend due to lung
growth, it may be necessary to split the study period into
different parts to prevent all observations in the first weeks
of the study period being considered as a large PEF decre-
ment.

In conclusion, the large discrepancy between the small
magnitude of peak expiratory flow and the more substan-
tial concentration of particles with a 50% cut-off aerody-

namic diameter of 10 µm, effect estimates on respiratory
symptoms in previous panel studies, which is largely due
to the different measurement scale of both variables.
When peak expiratory flow is analysed in a  similar way to
symptoms by modelling the prevalence of large peak ex-
piratory flow decrements, the estimates of the effects of
the concentration of particles with a 50% cut-off aerody-
namic diameter of 10 µm on lower respiratory symptoms
and peak expiratory flow are similar. The effects observed
on peak expiratory flow and on acute respiratory symp-
toms are therefore much more coherent than was apparent
from the earlier reported analyses of these data.
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