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ABSTRACT: This study investigated whether a high dietary intake or serum
concentration of antioxidant (pro-) vitamins could attenuate the acute respiratory
effects of air pollution in panels of adults (n=227) aged 50±70 yrs with chronic
respiratory symptoms in two winters starting in 1993/1994.

Subjects performed daily peak expiratory flow (PEF) measurements in the morning
and evening and reported the occurrence of respiratory symptoms in two regions
(urban and nonurban) each winter. Logistic regression analysis was used with the
prevalences of large PEF decrements as dependent variables and air pollution levels
as independent variables. Analyses were performed separately for subjects below and
above the median levels of serum b-carotene and the intake of dietary vitamin C and
b-carotene.

Subjects with low levels of serum b-carotene more often had large PEF decrements
when particles <10 mm in diameter or black smoke levels which were higher compared
to subjects with high levels of serum b-carotene. The same results tended to be
observed for dietary vitamin C or b-carotene, but there were less significant air
pollution effects in the low dietary antioxidant group.

The results suggest that serum b-carotene and to a lesser extent dietary vitamin C
and b-carotene may attenuate peak expiratory flow decrements due to air pollution in
subjects with chronic respiratory symptoms.
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The acute effects of air pollution on peak expiratory
flow (PEF) and respiratory symptoms have been investi-
gated in several panel studies. Some of these studies were
performed on children [1±3] and others on adults with
chronic respiratory symptoms [4±6]. The findings of these
studies are consistent with an adverse effect of particules
with a 50% cut off aerodynamic diameter <10 mm (PM10)
and ozone on lung function and respiratory symptoms.

A possible beneficial effect of antioxidant supplements
has been suggested in two small experiments investigating
the acute effects of winter air pollution on respiratory
health in police officers directing traffic in a city during the
winter (the concentrations of air pollutants were unknown)
[7]. A single supplement of vitamin C prevented a de-
crease in lung function (mean maximal expiratory flow
(MEF50)) and an increase in airway responsiveness to
histamine after 2 h of traffic directing. The other ex-
periment suggested that a vitamin C supplement for four
consecutive days on each morning before work attenuated
a decrease in PEF during the workday that was pre-
sumably due to air pollution [7]. Modulation of the acute
effects of NO2 by supplemental antioxidants was observ-
ed in two experimental studies. Three hours of exposure
to 7,520 mg.m-3 NO2 showed lower levels of lipid per-
oxidation products in the lung lavage fluid in the group

supplemented with vitamins C and E [8]. One hour of
exposure to 3,760 mg.m-3 NO2 showed a reduction of air-
way responsiveness to methacholine in the group with
vitamin C supplements [9]. Most of the evidence of a
possible beneficial effect of antioxidants comes, however,
from studies investigating ozone in relation to lung func-
tion [10±14]. All of these studies evaluated the effect of
extra supplemental antioxidants above the normal dietary
intake.

Within the framework of a larger panel study on the
acute effects of winter air pollution on respiratory health of
adults aged 50±70 yrs, this study investigated whether high
dietary or serum antioxidant (pro)-vitamins levels could
attenuate the acute respiratory effects of winter air pol-
lution.

Materials and methods

Study design

The present study was designed within the framework of
a large investigation on the relationship between exposure
to winter air pollution (three subsequent winters, starting in
1992/1993) and acute respiratory health in selected panels
of children and adults with and without chronic respiratory
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symptoms in urban and nonurban control areas in the
Netherlands. Data on antioxidant intake and serum levels
were collected from all adults in four panels during the last
two consecutive winters from November±February starting
in 1993/1994. Within the larger investigation, acute effects
of winter air pollution were only observed in the panels of
adults with chronic respiratory symptoms. Therefore, the
present study of modulation by antioxidants is restricted to
the panels of adults with chronic respiratory symptoms in
the urban and control areas. The urban area in both winters
was Amsterdam in the Netherlands with ,720,000 inhab-
itants. The control areas (Meppel in 1993/1994, Nunspeet
in 1994/1995) were small towns with ,25,000±32,000 in-
habitants. The participants performed daily measurements
of PEF and completed symptom diaries. Air pollution was
monitored daily at fixed sites in each area. At the beginning
of the study period, subjects underwent a medical charac-
terization which included measurements of lung function,
bronchial responsiveness, allergen skin prick testing and
blood sampling for determination of the concentrations of
serum total immunoglobulin (Ig)E and the serum antioxi-
dants a-tocopherol and b-carotene. In addition, participants
filled out a semiquantitative food frequency questionnaire
and a general questionnaire. This general questionnaire
provided additional information about chronic respiratory
symptoms, medication use, family history of asthma and
allergies, occupation, demographic, life-style and environ-
mental factors.

Study population

The Medical Ethical Committee of the University of
Groningen, the Netherlands, approved the study. Subjects
were approached by mail and invited to participate in the
study. Names and addresses from subjects, aged 50±70 yrs,
were obtained by a random sample of the municipal
registration. Subjects with chronic respiratory symptoms in
each area were selected with a screening questionnaire,
which consisted of selected questions of chronic respira-
tory symptoms (chronic cough, chronic phlegm, produc-
tive cough, wheeze with shortness of breath and without
having a cold or flu, shortness of breath) from the Dutch
part of the European Community Respiratory Health Sur-
vey [15]. In the second winter, two exclusion criteria were
added: use of b-blockers (contra-indication for broncho-
provocation test) and work outside of the hometown.
Only subjects who signed an informed consent form were
included in the study. In the winter of 1993/1994, the
planned panel size of subjects with chronic respiratory
symptoms was 75 subjects in each of the urban and non-
urban control area resulting in a total of 150 subjects. In
the winter of 1994/1995, the planned panel size was 60
subjects with chronic respiratory symptoms in each area
resulting in a total of 120 subjects for the analysis. A
similar size of the panels compared to other panel studies
that were able to show an effect of air pollution were
chosen [2, 3, 16].

Methods

During the study period, peak flow measurements were
performed twice a day before breakfast in the morning and

before going to bed for three months using Mini-Wright
peak flow meters. The participants were instructed to per-
form these tests before taking medication. Each measure-
ment consisted of three manoeuvres and the readings were
reported in a diary.

The diary was also used for reporting the occurrence of
acute respiratory symptoms and medication use. Symp-
toms included in the diary were: cough, phlegm, runny/
stuffed nose, woken up with breathing problems, shortness
of breath, wheeze, attacks of shortness of breath with
wheeze, fever, eye irritation and sore throat. Subjects had
to indicate whether the symptom was absent, slight-to-
moderate, or severe. Medication use was assessed by
reporting a maximum of three names of the medication and
the number of units taken.

Daily measurements of 24-h average concentrations of
particules with a 50% cut-off aerodynamic diameter <10 mm
(PM10) and black smoke were measured in both winters in
urban and control area from 15:00 h±15:00 h. Detailed
methods are published elsewhere [17]. In Amsterdam (ur-
ban area), SO2 and NO2 concentrations were obtained in
both winters from continuous monitors of the Municipal
research agency for the environment and soil mechanics
(OMEGAM). For the control areas, the concentrations of
NO2 and SO2 were obtained from sites close by the study
areas (that is, Barsbeek in the first winter and Witteveen
in the second winter) both being part of the National Air
Quality Monitoring Network.

The intake of the antioxidant vitamins C and E, and b-
carotene was measured with a semi-quantitative food
frequency questionnaire. The habitual consumption of 178
food items during the last year was calculated from the
questionnaire. This questionnaire was developed and vali-
dated to quantify, in particular, energy and antioxidant
intake [18, 19]. The structure of this food frequency ques-
tionnaire did not allow calculation of the nutrient con-
tribution of vitamin supplements, such as vitamins C, E
and A and multivitamins.

Blood specimens were stored in the refrigerator (48C)
until centrifugation at the end of the day to obtain serum
samples. Aliquots of serum were stored at -808C until ana-
lysis. From each subject, concentrations of a-tocopherol
and b-carotene were measured simultaneously by reverse-
phase high performance liquid chromatography (HPLC) in
one run at Wageningen Agricultural University, the Neth-
erlands. The method was modified as described by HESS et
al. [20]. Duplicate samples (n=52) were measured to
calculate the coefficient of variation of the HPLC meas-
urement for b-carotene (10.9%) and for a-tocopherol
(3.0%).

Analysis

Subjects were included in the analysis if they had
performed PEF measurements and filled out the diary for
respiratory symptoms in at least 60% of the total study
period. In addition, the first two days of each subject were
excluded from analysis because of a possible learning
effect on the PEF measurements [16]. Furthermore, a re-
maining training effect is removed by allowing nonlinear
time trends (see below).

Preliminary individual regression analysis were first
performed in two steps to study the effect of person
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characteristics on air pollution response because this was
not feasible in the later subgroup analysis. The first step
was a linear regression analysis for each individual with
the highest PEF in the morning or in the evening as the
dependent variable and the air pollutant concentration as
the independent variable. Adjustments were made for time
trend, influenza incidence and meteorological conditions
(see details on confounders below in subgroup analysis). In
the second step, the dependent variable was the regression
coefficient of the first step and the independent variable
was the antioxidant intake or serum concentration. In this
step the following person characteristics were evaluated as
confounding factors: age, sex, respondents smoking inside
the house as a good proxy for smoking status (Pearson
r=0.77 in the second winter where both questions were
asked), respiratory symptoms (yes/no), elevated total IgE
levels (higher versus lower than the median level of 19.9
kU.L-1).

Before the subgroup analysis, the antioxidant variables
were divided into high and low levels with a cut-off point
at the median of intake or serum concentration of the
antioxidants. Dietary intake of antioxidants was standard-
ized to energy intake before calculating the median [21].
To reduce misclassification of the dietary antioxidant
intake, subjects who reported daily use of supplements of
vitamins C (n=9) and vitamin A (n=1), and had a dietary
intake below the median were classified in the group
above the median of antioxidant intake. Subjects who
used multivitamins (n=15) and had a dietary intake below
the median were also classified in the group above the
median of antioxidant intake.

In the subgroup analysis, each of the four panels was
divided into subgroups of high and low antioxidant levels.
Within these subgroups, the prevalences of respiratory
symptoms, bronchodilator use and PEF decrements of
>10% or >20% below the subject-specific median for the
morning and evening were calculated; the method for
calculation of these prevalences of large PEF decrements
has been published in detail previously [22]. Next, the
relationships between these prevalences and the different
air pollutants were calculated with logistic regression
analysis [16, 23]. The prevalences of the PEF decrements,
respiratory symptoms or bronchodilater were used as
dependent variables. The following respiratory symptoms
were considered: cough, phlegm, lower respiratory symp-
toms (LRS) and upper respiratory symptoms (URS). LRS
were defined as the presence of the following symptoms
on a day: wheeze, shortness of breath, and/or attacks of
shortness of breath with wheeze; URS: stuffed/runny nose
and/or sore throat. Air pollutant concentrations (PM10,
black smoke, NO2, SO2) of the same day (lag 0), one day
(lag 1), and two days before (lag 2), and a five-day
moving average (mean 5) were used separately as inde-
pendent variables in the logistic regression models. In each
model the following adjustments were applied with panel-
specific parameter estimates: the minimum temperature,
day of the week (weekend or holiday versus weekday), a
time trend with the day of the study (number of the day
since the start of the study) and a squared and cubic term
for the day of the study, mean influenza incidence of the
last six days and the mean influenza incidence between
day 7±13 prior to the reporting date. Data on influenza
morbidity were obtained from the Netherlands Institute of
Primary Health Care (NIVEL). This institute is running a

registration network of 46 sentinel general practices (GP)
covering ,1% of the Dutch population. Since the preva-
lence of PEF decrements, symptoms and medication use
was correlated with the prevalence of the previous day, an
adjustment for autocorrelation was used in the regression
models by specifying a first order autoregressive model
for the residuals [23].

Finally, meta-analysis techniques were used to obtain a
combined effect estimate for a high versus a low anti-
oxidant intake or serum level from the panel specific effect
estimates. Since adjustment for confounders was perform-
ed for the panel specific estimates, no additional adjust-
ments were made in the final meta-analysis. A statistical
test of the homogeneity of the panel specific effect esti-
mateswasconductedusingaChi-squaredtest.Homogeneity
was assumed if the p-value was $0.25 (conservative cut-
off point) and the combined effect estimate was then
calculated as a weighted average using the inverse of the
variance of the panel specific regression slopes as the
weights. In case of heterogeneity (p<0.25) the combined
effect estimates were calculated using random effect esti-
mation with the noniterative method with unequal weights
[24]. The results are presented as odds ratios (ORs) with
95% confidence intervals (CI) for an increase in PM10 of
100 mg.m-3 and for an increase in black smoke, SO2 and
NO2 of 40 mg.m-3.

Differences in air pollution effect between high and low
levels of antioxidants (intake or serum) were tested with a
two-sided Student's t-test.

Results

In the winter of 1993/1994, 168 subjects with chronic
respiratory symptoms started the study. Of these, 46 were
excluded from the analysis because 35 subjects did not
have at least 60% of the total PEF measurements, nine
subjects did not provide blood samples and two subjects
did not complete the food frequency questionnaire. In the
winter of 1994/1995, 128 subjects started the study. Of
these, 23 were excluded from the analysis because 16
subjects did not have at least 60% of the total PEF meas-
urements and seven subjects did not provide blood sam-
ples. So, a total of 227 subjects were available for analysis.

Table 1 describes relevant population characteristics
and the mean intake and serum levels of antioxidants. The
mean age of the study population was 60 yrs with an
equal number of females and males. Approximately 25%
of the subjects used daily vitamin supplements. The
subjects who were excluded from analysis (n=69) did not
differ in sex, smoking status, total IgE levels or the use of
vitamin supplements but they were slightly older (62 yrs)
compared to subjects who were included in the analysis.

Serum and dietary antioxidants did not correlate with
age (r<0.15) and were not different between subjects with a
high and low IgE level or between current and never
smokers. Females, however, had higher serum levels of b-
carotene and a higher dietary intake of vitamin C and b-
carotene compared to males (data not shown). Preliminary
data analysis using individual linear regression analysis
showed that age, sex, smoking and IgE levels did not
confound the relationship between antioxidants (serum and
dietary) and acute effects of air pollution on PEF (data not
shown). In addition, preliminary analysis did not show a
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modulation of the acute effects of winter air pollution on
PEF by serum a-tocopherol or dietary vitamin E (data not
shown). Therefore, the further results on subgroup analysis
will only focus on dietary vitamin C and b-carotene and
serum b-carotene. To illustrate the correlation between the
different antioxidants used in the different subgroup analy-
sis the Pearson's correlation coefficients were calculated
between dietary vitamin C and dietary b-carotene (r=0.63)
and between dietary vitamin C and serum b-carotene (r=
0.18); the correlation coefficient between b-carotene in diet
and serum was 0.31.

The air pollution concentrations in urban and nonurban
areas were described in detail in another study [17]. Brief-
ly, the mean (range) of PM10 levels in Amsterdam were in
the winter of 1993/1994 44 mg.m-3 (12±123 mg.m-3) and

in the winter of 1994/1995 32 mg.m-3 (9±90 mg.m-3); the
concentrations of black smoke were 16 mg.m-3 (0±65
mg.m-3) in the first winter and 9 mg.m-3 (2±28 mg.m-3) in
the second winter. Mean NO2 in Amsterdam was 47
mg.m-3 (22±76 mg.m-3) in the first winter, which was very
similar to the second winter. Mean SO2 in Amsterdam
was 12 mg.m-3 (3±34 mg.m-3) in the first winter and 7
mg.m-3 (1±24 mg.m-3) in the second winter.

Table 2 shows the associations between PM10 (increase
of 100 mg.m-3) and the prevalence of PEF decrements
>10% or 20% in the morning and evening for subjects
with high and low levels of serum b-carotene. The
prevalences of PEF decrements of >20% were in most
panels <2% and the CIs of the ORs of these large PEF
decrements were very wide. Subjects with a low level of
serum b-carotene had ORs mostly above one, in par-
ticular, for the morning PEF decrements. Subjects with a
high level of serum b-carotene, however, had ORs which
were mostly not different from one. The effect of PM10

was significantly different for most of the 20% PEF
decrements in the morning between high and low serum
b-carotene levels.

Table 3 shows that the effect of PM10 of the previous
day on URS and LRS or medication use was not different
between subjects with high and low levels of serum b-
carotene. The results were similar for different lags of
PM10. The effect of black smoke (increase of 40 mg.m-3)
of the previous day on URS and LRS or medication use
was not different between subjects with high and low
levels of serum b-carotene (table 3). The results were
similar for different lags of black smoke. In addition, the
effect of black smoke and PM10 on cough and phlegm
was not different for a high versus a low serum b-carotene
concentration (data not shown).

Table 4 shows the associations between black smoke
and the prevalence of PEF decrements >10% or 20% in
the morning and evening for the groups with a high and
low level of serum b-carotene. Subjects with a low level
of serum b-carotene had ORs mostly above one, in par-
ticular, for a black smoke concentration of the same day,
the previous day or a 5-day mean. Subjects with a high

Table 2. ± Association+ between the prevalence of peak expiratory flow (PEF) decrements of 10 and 20% and particles
with a 50% cut-off aerodynamic diameter of <10 mm (PM10) for high (n=113) and low (n=114) serum b-carotene concentra-
tion

Low serum b-carotene <0.30 mmol.L-1 High serum b-carotene $0.30 mmol.L-1

PEF decrements PEF decrements

Morning Evening Morning Evening

10% 20% 10% 20% 10% 20% 10% 20%

Range PEF
prevalences{ 5.4±6.2 0.6±2.5 4.6±6.4 0.3±1.7 5.1±8.3 0.6±2.2 3.0±7.6 0.3±2.2
Lag 0 1.41 3.26* 1.14 2.56 0.91 0.91 1.09 0.20

(0.91±2.20) (1.34±7.95) (0.75±1.75) (1.01±6.48) (0.57±1.46) (0.40±2.10) (0.66±1.78) (0.01±4.58)
Lag 1 1.62 3.43* 1.06 1.81 0.98 0.54 0.91 2.93

(1.10±2.40) (1.35±8.71) (0.71±1.58) (0.10±32) (0.63±1.52) (0.25±1.21) (0.25±3.31) (0.57±15)
Lag 2 1.16 0.86 0.95 6.25 0.80 0.63 0.62 0.55

(0.77±1.77) (0.18±4.10) (0.60±1.49) (0.0±45602) (0.53±1.19) (0.14±2.78) (0.24±1.59) (0.19±1.66)
Mean 5 2.19* 3.30* 0.90 1.93 0.75 0.14 0.49 0.77

(1.14±4.19) (0.40±27.2) (0.50±1.61) (0.27±13.9) (0.36±1.57) (0.03±0.67) (0.06±4.04) (0.03±23)

+: presented as odds ratios (95% confidence intervals) for an increase in PM10 of 100 mg.m-3; *: p<0.05, the effect of air pollution was
different between a high and low serum level of b-carotene (two-sided Student's t-test). {: range in the mean PEF prevalences of each
panel.

Table 1. ± Characteristics and median intake and serum
levels of antioxidants

Subjects n 227

Age yrs mean�SD 59.8�6.3
Sex % female 50.9
Respondents smoking inside the house % 27.3
High total IgE+ % 18.5
Chronic cough % 15.0
Chronic phlegm % 20.1
Wheeze with shortness of breath % 38.9
Doctor's ever diagnosed asthma % 16.0
Asthma attack in past year % 4.4
FEV1/FVC <70% % 23.6
Vitamin supplement users{ % 25.1
Dietary intake mg.day-1 median (range)

Vitamin C 119.8 (34.8±383.7)
Vitamin E 13.8 (4.0±39.0)
b-Carotene 2.0 (0.5±6.1)

Serum concentrations mmol.L-1 median (range)
a-Tocopherol 36.0 (3.6±70.6)
b-Carotene 0.30 (0.00±2.07)

FEV1: forced expiratory volume in one second; FVC: forced vit-
al capacity. +: high total immunoglobulin (Ig)E was defined as a
level >100 kU.L-1; {: percentage of subjects who used vitamin
supplements of vitamins A, E and C and/or multivitamins daily.
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level of serum b-carotene had ORs that mostly did not
differ from zero. The effect of black smoke was statis-
tically different for most of the 20% PEF decrements in
the morning and evening between high and low serum b-
carotene levels.

The effect of NO2 and SO2 on large PEF decrements
was slightly higher in the group with low serum b-carotene
levels compared to the group of subjects with high serum
b-carotene levels (data not shown).

Table 5 shows that the ORs of black smoke on 10%
PEF decrements were mostly above one for the group
with a low dietary intake of vitamin C or b-carotene,
while the ORs in the group with a high intake of these
antioxidants were not. Although there was only one
significant effect of 5-day moving average of black
smoke on the morning PEF decrement in the low dietary
b-carotene group, there were more significant differences
between air pollution effect estimates in the high and low
intake of vitamin C and b-carotene groups. Similar results
were observed for 20% PEF decrements in relation to
black smoke and for PM10, although the ORs of PM10 on
PEF decrements were slightly lower in subjects with low
dietary antioxidants (data not shown).

The associations among PM10, black smoke, NO2, SO2,
10% PEF decrements in the morning and evening, LRS
and URS were not different for subjects with a low versus a
high intake of vitamin C or b-carotene (data not shown).

Discussion

This study suggests that subjects with chronic respira-
tory symptoms and with low serum b-carotene levels were
more affected by air pollution than those with high serum
b-carotene levels. This effect was most pronounced for
the effect of particulate matter (PM10 or black smoke) on
the prevalence of large PEF decrements. There were also
some differences in particulate matter effects between
groups with high and low intake of vitamin C and b-caro-
tene, although the effect itself of particulate matter was
only borderline statistically significant in the low dietary
antioxidant group.

To the authors' knowledge, there has only been one
other study investigating a possible modulation of the
acute effect of winter air pollution on PEF but this study
focused on vitamin C supplements [7]. In this crossover
study, subjects were police officers (n=20) directing traf-
fic for four consecutive days receiving a vitamin C sup-
plement (2 g) or placebo on each morning before work.
Peak flow was measured at the beginning and at the end
of the working day. The results suggest that the PEF
decreased during the working day in the control group but
not in the vitamin group. It should be noted that the levels
of air pollution were unknown and that the dose of
supplemental vitamin C could not be compared to the
levels of dietary intake because it was 14-times the mean

Table 4. ± Association+ between the prevalence of peak expiratory flow (PEF) decrements of 10 and 20% and black smoke
for high (n=113) and low (n=114) serum b-carotene concentration

Low serum b-carotene <0.30 mmol.L-1 High serum b-carotene $0.30 mmol.L-1

PEF decrements PEF decrements

Morning Evening Morning Evening

10% 20% 10% 20% 10% 20% 10% 20%

Range PEF
prevalences{ 5.4±6.2 0.6±2.5 4.6±6.4 0.3±1.7 5.1±8.3 0.6±2.2 3.0±7.6 0.3±2.2
Lag 0 1.80 5.69* 1.04 3.92* 1.09 1.01 0.90 0.76

(1.14±2.82) (2.49±13.0) (0.70±1.56) (1.67±9.20) (0.72±1.66) (0.52±1.97) (0.48±1.72) (0.28±2.04)
Lag 1 1.67* 2.72* 1.55 1.63* 1.00 0.37 0.83 0.0

(1.15±2.43) (1.36±5.45) (0.71±3.38) (0.0±1084) (0.69±1.43) (0.09±1.47) (0.48±1.45) (0.0±56106)
Lag 2 1.14 0.68 0.86 0.18 0.88 0.22 0.86 0.09

(0.78±1.65) (0.03±17.3) (0.63±1.19) (0.07±0.47) (0.62±1.23) (0.02±3.04) (0.36±2.08) (0.00±14.1)
Mean 5 3.90* 31.5* 1.05 35.1* 0.76 0.76 0.30 0.12

(2.07±7.36) (0.23±4214) (0.62±1.76) (5.96±206) (0.32±1.81) (0.25±2.35) (0.04±2.25) (0.02±0.79)

+: presented as odds ratios (95% confidence intervals) for an increase in black smoke of 40 mg.m-3; {: range in the mean PEF
prevalences of each panel. *: p<0.05, the effect of air pollution was different between a high and low serum level of b-carotene (two-
sided Student's t-test).

Table 3. ± Association+ between the prevalence of respiratory symptoms or medication use and air pollution of the pre-
vious day for a high (n=113) and a low (n=114) serum b-carotene concentration

Low serum b-carotene <0.30 mmol.L-1 High serum b-carotene $0.30 mmol.L-1

LRS URS Medication use LRS URS Medication use

Prevalences{ 16.2±34.8 25.5±36.8 4.5±18.4 15.3±20.2 19.3±42.0 7.1±16.6
PM10 1.04 1.10 1.01 1.07 1.13 1.03

(0.92±1.18) (0.95±1.27) (0.86±1.18) (0.91±1.26) (0.97±1.31) (0.92±1.16)
Black smoke 1.10 1.17 0.98 0.93 1.16 1.06

(0.97±1.25) (1.02±1.34) (0.78±1.24) (0.71±1.22) (1.01±1.33) (0.94±1.19)

+: presented as an odds ratios (95% confidence intervals) for an increase in particles with a 50% cut-off aerodynamic diameter of <10
mm of 100 mg.m-3 and in black smoke of 40 mg.m-3; {: range in mean prevalences of each panel for upper respiratory symptoms (URS),
lower respiratory symptoms (LRS) and medication use.
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intake and 4- times the maximum intake of vitamin C in
the present study. So the present study was the first study
investigating dietary intake and serum levels of antioxi-
dants in relation to the acute effects of winter air pollu-
tion.

Most other intervention studies under ambient condi-
tions were investigating a possible modulation of the acute
effect of ozone by antioxidant supplements. Two inter-
vention studies were carried out among cyclists performing
lung function measurements before and after exercise in
the Netherlands. In the first study in the summer of 1994,
twelve subjects were supplemented with a daily cocktail of
vitamin C (650 mg), vitamin E (75 mg), and b-carotene (15
mg) for 10 weeks. The control group (n=14) did not
receive a plabebo. An acute effect of ozone (8-h mean 101
mg.m-3) was observed in the control group but not in the
vitamin group [13]. The second study in the summer of
1996 was placebo-controlled. Half of the 38 cyclists
received daily 100 mg vitamin E and 500 mg vitamin C
for 15 weeks. Lung function (forced expiratory volume in
one second (FEV1) and forced vital capacity (FVC)) was
negatively associated with ozone concentration (8-h mean
77 mg.m-3) in the placebo group but not in the vitamin
group [14]. Street workers (n=49) in Mexico-city re-
ceived the same cocktail as the cyclists of 1994 in the
Netherlands in a placebo-controlled crossover study [12].
Although the street workers were not exercising heavily,
the mean 1 h maximum ozone concentration was higher
(110 parts per billion (ppb), equivalent to 163 mg.m-3 for
conditions in Mexico City). The results of this study sug-
gest that, in particular, in the first phase of the study the
placebo group had a significant effect of ozone on FEV1,
FVC and maximal mid-expiratory flow (MMEF) while
the supplementation group did not show an ozone effect.
Since all these studies under ambient conditions supple-
mented their subjects (,4- times the mean intake of vita-
min C and ,7-times the mean intake of vitamin E and
b-carotene), the question remains if the possible ben-
eficial effect of antioxidants could be reached by a higher
dietary intake alone.

Selection bias in the relation between air pollution and
PEF is not very likely because in a panel study each sub-
ject is their own control in the exposure of air pollution.
However, some selection could have occurred, since, more

health conscious subjects were participating in the present
study. This was evident because of the relatively high
percentage of daily supplement users (25%). In a random
sample of Dutch adults aged 20±59 yrs measured in 1994
and 1995, the percentage of daily supplement use (meas-
ured with the same questionnaire) was <10% [25]. Al-
though the present study population was slightly older
(50±70 yrs), the number of supplement users in these
older subjects was not different in the Dutch national food
consumption Survey in 1987±1988 compared to other
adult age groups [26]. If subjects would take supplements
because of experienced adverse health effects of air pol-
lution, a bias towards a clear positive relationship be-
tween antioxidants and acute respiratory effect of air
pollution could occur. Since the present findings did not
indicate clear positive associations of dietary antioxidants
and excluding supplement users in the preliminary ana-
lysis did not change the results, the use of supplements
was probably not associated with the experienced acute
effects of air pollution. This is supported by the ob-
servation that the antioxidant groups differ in air pollution
effects on PEF and not on respiratory symptoms.

The relative validity of the antioxidants in the present
food frequency questionnaire (FFQ) was determined in a
validation study [19]. In this study, the mean of the anti-
oxidants from four different blood samples and from 12
repeated 24-h recalls were calculated. The Pearson cor-
relation coefficient between b-carotene from the FFQ
and serum levels was negative for males and 0.13 for
females; the correlation coefficients between the FFQ and
24-h recalls for b-carotene was higher but still poor
(r=0.34 for males, r=0.47 for females). These correlation
coefficients are low compared to other validation studies
[27, 28]. Some factors might explain these lower cor-
relation coefficients, such as a poor relative validity of the
vegetable intake from the FFQ, heterogeneity of some
food items with respect to b-carotene composition, and
the low bioavailibility of the major sources of b-carotene
in the Netherlands [19]. These low correlation coeffi-
cients suggest that the FFQ was limited with respect to
measuring the intake of b-carotene that could have con-
tributed to misclassification and might explain why the
modifying effect of dietary antioxidants on air pollution
effects was less than for serum b-carotene.

Table 5. ± Association+ between the prevalence of 10% expiratory flow (PEF) decrements and black smoke pollution levels
for high and low dietary antioxidant intake

Air pollution
Low dietary vitamin C

(n=92)
High dietary vitamin C

(n=135)
Low dietary b-carotene

(n=97)
High dietary b-carotene

(n=130)

Lag 0
Morning PEF 1.21 (0.82±1.78) 1.28 (0.87±1.88) 1.31 (0.85±2.02) 0.92 (0.49±1.72)
Evening PEF 1.23 (0.81±1.89)* 0.69 (0.42±1.13) 0.96 (0.61±1.52) 1.05 (0.68±1.63)

Lag 1
Morning PEF 1.28 (0.93±1.76) 0.96 (0.56±1.65) 1.25 (0.86±1.80) 0.90 (0.47±1.69)
Evening PEF 1.30 (0.91±1.85) 0.85 (0.55±1.31) 1.04 (0.71±1.52) 0.81 (0.41±1.58)

Lag 2
Morning PEF 1.24 (0.76±2.02) 0.87 (0.63±1.21) 1.48 (0.83±2.64)* 0.71 (0.51±1.00)
Evening PEF 1.35 (0.89±2.05)* 0.58 (0.37±0.89) 1.40 (0.99±1.97)* 0.49 (0.19±1.21)

Mean 5
Morning PEF 1.52 (0.94±2.46) 0.98 (0.34±2.82) 2.11 (1.09±4.09)* 0.59 (0.17±2.05)
Evening PEF 1.41 (0.79±2.53)* 0.47 (0.23±0.94) 1.46 (0.74±2.88)* 0.31 (0.07±1.48)

+: presented as odds ratios (95% confidence intervals) for an increase in black smoke of 40 mg.m-3. *p<0.05, the effect of air pollution
was different between a high and low dietary intake of antioxidants (two-sided Student's t-test).
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Another form of misclassification of the dietary anti-
oxidants (vitamin C and b-carotene) might have occurred
due to a relatively high percentage of subjects (25%) using
daily vitamin supplements. The nutrient contribution of
these supplements could not be added to the intake of
dietary antioxidants due to the structure of the FFQ. To
reduce the misclassification, subjects with a daily use of
vitamin supplements (11%) were classified in the group of
subjects with an intake above the median. However, a
possible remaining misclassification would have biased a
modifying effect of dietary antioxidants towards the null.
This might also explain why the modifying effect of diet-
ary antioxidants on air pollution effects was less than that
for serum b-carotene.

Whether acute effects of air pollution are modulated by
antioxidants can only be detected if the range in exposure
to antioxidants is sufficiently large in the population under
study. In the present study population, the range in dietary
antioxidants was <2 between the 25th to 75th percentile.
Dietary vitamin C had a range of 88±169 mg and dietary
b-carotene had a range of 1.52±2.69 mg. These dietary
ranges were relatively small compared to the range in
serum b-carotene which was ,2.5 between the 25th (0.20
mmol.L-1) and 75th percentile (0.48 mmol.L-1) of serum b-
carotene. So, a more clear effect of dietary antioxidants
might have occurred if the range in dietary antioxidants
had been larger in this study population.

Furthermore, the modifying effect of dietary antioxi-
dants might only be detected if there was a substantial part
of the population with a low dietary intake of the anti-
oxidants. The mean intake of vitamin C (135 mg.day-1)
and b-carotene (2.2 mg.day-1) was, in this study, not dif-
ferent compared to a study in a random sample of the
Dutch population using the same FFQ [25]. Although the
mean intake of these antioxidants was comparable to
another Dutch population, intake below the median (<120
mg.day-1) might still be too high to see a clear difference
in respiratory effect of air pollution.

Serum levels of b-carotene could be a better marker for
antioxidant exposure in the lung tissue than the intake of b-
carotene. This was confirmed in a small (n=21) study in
which b-carotene was measured in lung tissues, serum and
in diet with a FFQ [29]. The questionnaire was designed
to measure both dietary and supplemental b-carotene. The
Pearson's correlation coefficient between serum concen-
tration of b-carotene and lung tissue (r=0.72) was higher
than the correlation between dietary intake of b-carotene
and the lung tissue level (r=0.54). Therefore, a clearer
modifying effect on air pollution effects of serum b-
carotene compared to dietary b-carotene is also more
reasonable to expect from a metabolic point of view.

The postulated mechanism for lung function decrements
after ozone exposure is a reduction of maximal inspiratory
capacity through stimulation of the neural receptors in the
upper airways. Cyclo-oxygenase products of arachidonic
acid stimulate these receptors which are released on ex-
posure to ozone [30, 31]. Vitamins C and E have been
shown to affect this arachidonic acid metabolism, but the
role of antioxidants in this mechanism is not fully
understood [32, 33]. Another hypothesized mechanism of
the acute effects of air pollution would be an increase in
inflammatory mediators shown in the bronchoalveolar
lavage within 1 h [34, 35], 6 h [36], 18 h [34, 35], and 24
h [36] after ozone exposure. Antioxidants could modulate

the airway response to air pollution by reducing the in-
flux of inflammatory cells [37]. Which of the two postul-
ated mechanisms is relevant to the observed modulation
in the present study remains unclear because inflamma-
tory markers were not measured. To the authors' know-
ledge, the mechanistic action of a possible protective role
of b-carotene in relation to acute respiratory effects of air
pollution has not been investigated.

The statistical significance and number of positive
associations were similar for PM10 and black smoke in the
group with low and high levels of dietary or serum
antioxidants. ORs for black smoke tended to be higher,
although the CIs overlapped with those for PM10. Stronger
black smoke effects might be due to the fact that black
smoke is an indicator of fine (carbonaseous) particles
whereas PM10 also includes coarse particles [38].

In conclusion, the results of the present study suggest
that serum b-carotene attenuated the respiratory effects of
air pollution, in particular, the prevalence of large peak
expiratory flow decrements in relation to particles with a
50% cut-off aerodynamic diameter <10 mm and black
smoke in a panel of subjects with chronic respiratory
symptoms. A difference in effects of particles with a 50%
cut-off aerodynamic diameter <10 mm and black smoke on
large peak expiratory flow decrements tended to be present
between groups with high and low dietary vitamin C and
b-carotene.
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