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ABSTRACT: Exposure to environmental tobacco smoke (ETS) and other air
pollutants has been associated with small decrements in lung function. The susceptibility
to pollution exposure may, however, vary substantially between individuals. Children
with an impaired protease-antiprotease balance may be particularly vulnerable.
Therefore this study aimed to investigate the effects of ETS exposure on children
with reduced levels of a1-antitrypsin (a1-AT).

Random samples of school children (aged 9–11 yrs) (n=3,526) were studied according
to the International Study of Asthma and Allergies in Childhood (ISAAC) phase II
protocol, including parental questionnaires, pulmonary function and allergy testing.
Blood samples were obtained to measure plasma levels of a1-AT and to genotype for
pleomorphic protein inhibitor (Pi)Z and PiS alleles.

Children with low levels of a1-AT (¡116 mg?dL-1) showed significant, albeit small
decrements in baseline lung function. When exposed to ETS, pronounced decrements of
pulmonary function, particularly in measures of mid- to end-expiratory flow rates, were
seen in these children as compared to exposed children with normal levels of a1-AT. The
mean levels of % predicted¡SE in both groups were: maximum expiratory flow at 50%
of vital capacity 79.4¡7.2 versus 99.0¡1.5, maximum expiratory flow at 25% of vital
capacity 67.4¡10.0 versus 100.3¡2.1, maximal midexpiratory flow 73.7¡8.6 versus
99.9¡1.7.

These findings suggest that school children with low levels of a1-antitrypsin are at
risk of developing pronounced decrements in pulmonary function, particularly if they
are exposed to environmental tobacco smoke. Parents of children with heterozygous
a1-antitrypsin deficiency resulting in significantly reduced blood concentrations should
be advised to prevent their children from being exposed to environmental tobacco smoke
and dissuade them from taking up smoking.
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a1-antitrypsin (a1-AT) is a major antiprotease of
the lung, protecting the lower respiratory tract against
proteolytic matrix destruction caused by neutrophil
elastase [1]. The pleomorphic protein inhibitor (Pi)
a1-AT locus codes for at least 17 deficiency alleles,
with Z and S mutations being the most common in
Northern Europe [1, 2]. Homozygous PiZZ smokers
develop premature emphysema at a young adult age
and acquire a markedly accelerated rate of decline
in lung function, such as that seen in patients with
chronic obstructive pulmonary disease (COPD) [3, 4].

Several reports have shown that childhood ventila-
tory capacity predicts the age-related shape of lung
function increase and decline in later life [5, 6].
Decrements of pulmonary function acquired in child-
hood may therefore predispose subjects to chronic
airflow limitation as adults. One important determi-
nant of childhood pulmonary function is environ-
mental tobacco smoke (ETS), although the magnitude
of the effect is relatively small at a population level [7].

The susceptibility to ETS may, however, vary sub-
stantially between individuals, but the factors con-
tributing to the risk of particular subgroups remain to
be determined. Children with an impaired protease-
antiprotease balance may be particularly vulnerable
to the damaging effects of increased neutrophil influx
and activation of alveolar macrophages in response
to inhalation of noxious fumes from ETS, diesel
exhaust or other inhalant pollutants as previous
studies suggest [8, 9].

Therefore, the present study aimed to investigate the
effects of ETS and truck traffic exposure on children
with reduced levels of a1-AT. A large number of school
children were randomly selected in a cross-sectional
survey in Germany. Parents provided detailed infor-
mation on the respiratory health of their children via
self-administered questionnaires and children under-
went pulmonary function testing, allergy testing and
blood sampling to measure plasma levels of a1-AT
and to genotype for PiZ and PiS alleles.
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Methods

Study design and study population

According to the International Study on Asthma
and Allergies in Childhood (ISAAC) phase II study
protocol, cross-sectional surveys were conducted in
Dresden (480,000 inhabitants) and Munich (1.3
million inhabitants) in Germany. In both cities
random samples of fourth graders (aged 9–11 yrs)
were studied using schools as sampling units. All
fourth graders at the selected schools were invited
to participate in the study, addressing 3,668 child-
ren in Dresden and 3,830 children in Munich.
Self-administered questionnaires were distributed to
parents and children whose parents had given their
written informed consent underwent lung function
testing, allergy testing and blood sampling between
September 1995 and December 1996.

Questionnaire

The ISAAC core questions on symptoms of asthma,
allergic rhinitis and atopic eczema were included in the
questionnaire. Furthermore, the parents were ques-
tioned about other respiratory symptoms and diag-
noses [10]. They were asked to categorize the number
of cigarettes currently smoked in the home into a) 0–9,
b) 10–20, and w20 cigarettes?day-1. Children were
classified as exposed to ETS if o10 cigarettes?day-1

were smoked, according to previous validation studies
in which parental self-reported smoking of o10 cigar-
ettes?day-1 was associated with a significant increase
of children9s urinary cotinine levels [11], their coti-
nine creatinine ratio and their nicotine concentration
in hair [12]. In addition, the child9s nationality,
which reflects ethnicity rather than place of birth in
Germany [13], and other potential risk and confound-
ing factors were assessed.

Blood sampling and laboratory analyses

Two blood samples were taken at the schools. One
venous blood sample was stored at -70uC until deter-
mination of specific serum immunoglobulin (Ig)-E
concentrations against a panel of aeroallergens (SX1

CAP; Pharmacia, Lund, Sweden) was carried out
in one laboratory (University of Berlin, Berlin,
Germany). Atopy was defined as a positive result
(SX1o0.7 kU?L-1). A second sample was put into
ethylenediaminetertaacetic acid (EDTA) coated tubes
and stored at z4uC until centrifugation on the day
of sampling. Deoxyribonucleic acid (DNA) was
extracted from the buffy coat using a salting-out
procedure [14]. In plasma specimens a1-AT concen-
trations were measured using the rate-nephelometric
Immuno-Chemistry System (ICS Array; Beckman
Instruments, Fullerton, CA, USA) [15]. C-reactive
protein (CRP) was measured in plasma by standard
densiometry (Vitros 250; Johnson & Johnson, Roche-
ster, NY, USA) on Ektachem Clinical Chemistry
slides (Kodak, Rochester, NY, USA). Genotyping of

a1-AT deficiency alleles PiZ and PiS was performed
using polymerase chain reaction techniques [16]. Ana-
lyses of plasma concentrations of a1-AT and CRP,
and genotyping of PiS were done in one laboratory
(University of Munich, Munich, Germany). All geno-
typing of PiZ was done in one reference laboratory
(Becker, Olgemöller & Partner, Munich, Germany).
Specimens with a1-AT ¡116 mg?dL-1, in which the
PiZ and PiS alleles were not detected and where lung
function data were available (n=33), were further
analysed by isoelectric focusing in polyacrylamide
gels (Desatronic 6000-100, Desaphor HF; Desaga,
Heidelberg, Germany). The quality of four specimens
was not sufficient to assess migration properly.

In addition to blood sampling, children underwent
a physical examination by a field doctor who recorded
symptoms of current respiratory tract infections. A
child was considered as having a respiratory tract
infection if either cough, hoarseness or a runny nose
had been documented.

The National Heart, Lung and Blood Institute
Registry of a1-AT Deficiency in the USA has used a
threshold level of 80 mg?dL-1 a1-AT to identify
subjects with a1-AT deficiency [17]. This was based
on previous observations that phenotypes associated
with destructive lung disease in adulthood, e.g. "null",
ZZ and SZ phenotypes, have a1-AT levels ¡35% of
normal concentrations [1]. In the present study, an
arbitrary cut-off was chosen according to the 5th
percentile of the population distribution. However,
plotting different cut-off levels in a graphical analysis
suggested that pulmonary function deficits increased
with decreasing a1-AT levels.

Lung function measurement

Lung function was measured with a spiro-
meter (MasterScope Version 4.1; Jäeger, Würzburg,
Germany) according to the American Thoracic
Society criteria for completion of reproducible and
satisfactory spirograms [18]. The highest of two
reproducible measures of forced expiratory volume
in one second (FEV1) readings was recorded as
baseline FEV1. Bronchial hyperreactivity (BHR) was
assessed as a fall in FEV1 of at least 15% after
challenge with a 4.5% hyperosmolar saline solution
delivered by ultrasound nebulizers (De Vilbiss Sunrise
Medical, Langen, Germany) [10]. Since lung func-
tion testing and bronchial challenge were time con-
suming, it was offered only to a random subsample of
children in Dresden (n=1,999) and Munich (n=2,019).

Traffic counts

Numbers of trucks and cars on streets with on
average w2,600 cars?day-1 are routinely assessed with
induction loops by the Munich City Dept for the
Environment and recorded as average counts per day
[19]. For the purpose of this analysis, the number of
trucks passing streets within 100 m of a subject9s
home address were linked to the subject9s health
status using a geographic information system (Arc-
View). Children for whom no truck counts were
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available within this radius (n=355) were assigned a
constant of 87 trucks?day-1 (derived from the mini-
mum exposure). The population exposure within
100 m of the children9s place of residence was divided
into tertiles a priori to ensure sufficient numbers of
subjects in the corresponding categories. Children

with exposure to o730 trucks?day-1, which is the
lower limit of the upper tertile, were considered as
exposed and compared to children in the other two
tertiles. Contrasts in levels of air pollution using these
two categories were estimated using measurements
from 34 stations, which were located in areas selected
to reflect the full range of traffic exposures in the city
of Munich. There were significant differences (using
the Wilcoxon exact test) in the annual levels of ben-
zene (median 8.4 versus 2.8 mg?m-3, pv0.01), nitrogen
dioxide (63.7 versus 32.5 mg?m-3, pv0.01) and soot
(12.0 versus 6.4 mg?m-3, pv 0.01), respectively.

Statistical analyses

Prevalence rates for the heterozygous genotypes
PiMS, PiMZ and the homozygous genotype PiZZ,
respectively, were computed using those for whom
genotyping was available as a denominator. Wilcoxon-
and t-tests were applied for bivariate comparisons.
The cut-off limit for low levels of a1-AT was defined
as the 5th percentile of the population distribution.
Baseline pulmonary function values were computed
as % pred standardized for age, height and weight
separately for males and females [10]. Multivariate
linear regression analyses were performed to assess
the independent effects of a1-AT plasma levels while
adjusting for CRP in plasma and respiratory tract
infections at the time of blood sampling; no other
potentially confounding factors were identified. To
assess the combined effects of a1-AT levels and
exposure, a two-way analysis of variance (ANOVA)
(cell means model) was used, including the stepwise
Bonferroni correction for multiple comparisons [20];
interaction contrasts (% pred) with 95% confidence
intervals (CI), which estimated the relative effect of
low a1-AT levels within the exposed group compared
to the relative effect of low a1-AT levels within
the unexposed group, were calculated [21]. Children9s
mean levels of lung function parameters were cal-
culated below (v) and at or above (o) increasing
a1-AT concentrations; these means were plotted
against increasing a1-AT levels in figure 1 and visually
assessed for a potential cut-off limit (fig. 1 and
table 1).

Results

The overall response to the questionnaire was
85.3% (table 2). Since the rate of the a1-AT deficiency
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Fig. 1. – Mean levels of the lung function parameters. a) Forced
expiratory volume in one second (FEV1) (n=1,691), b) maximum
expiratory flow at 25% of the vital capacity (MEF25) (n=1,669) and
c) maximum expiratory flow at 50% of the vital capacity (MEF50)
(n=1,690) in children according to plasma levels of a1-antitrypsin
(a1-AT). At each reported level of a1-AT, the children were divided
into those with levels below ($) and those with levels above (#)
that cut-off point. The cumulative percentages of children with
a1-AT levels below the respective cut-off points were: 110 mg?dL-1

3%; 120 mg?dL-1 5.1%; 130 mg?dL-1 10.4%; 140 mg?dL-1 21.2%;
150 mg?dL-1 40.2%, and at 160 mg?dL-1 61.6%.

Table 1. – Sample sizes for means below the respective a1-antitrypsin (a1-AT) threshold

a1-AT threshold

a1-ATv110 a1-ATv120 a1-ATv130 a1-ATv140 a1-ATv150 a1-ATv160

FEV1 % pred 51 (3.0) 87 (5.1) 176 (10.4) 358 (21.2) 680 (40.2) 1042 (61.6)
MEF25 % pred 48 (2.9) 83 (5.0) 171 (10.2) 351 (21.0) 668 (40.0) 1024 (61.4)
MEF50 % pred 51 (3.0) 87 (5.1) 176 (10.4) 358 (21.2) 680 (40.2) 1042 (61.6)

Data are presented as n (%). FEV1: forced expiratory volume in one second; MEF25 and MEF50: maximum expiratory flow
at 25% and 50% of vital capacity, respectively.
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alleles Z and S differed between ethnic groups in this
study population (data not shown), the study sample
was restricted to children with homogeneous ethnic
origin assessed as German nationality, which was
related to ethnic group rather than place of birth
in Germany (n=5,629). The median age was 10 yrs
(range 9–13 yrs). Blood for measurement of a1-AT
plasma levels and genotyping was available from
59.6% of the eligible German children. Both, lung
function measurements and blood samples were
obtained for 48.8% of the children (table 2). The
frequency of exposure to ETS during pregnancy and
currently, as well as to truck traffic was similar among
children who gave blood and participated in lung
function measurements (n=1,720) (ETS during preg-
nancy 13.8%, ETS current 14.6%, traffic 33.3%) as
compared to nonparticipants (n=3,909) (ETS during
pregnancy 15.8%, ETS current 13.6%, traffic 29.6%)
and was not related to a1-AT plasma levels. No
significant difference in the prevalence of asthma
(9.4% versus 8.8%), wheeze (8.20% versus 8.25%),
cough (16.5% versus 16.4%), hay fever (8.6% versus
9.9%) or atopy as assessed by serum IgE antibodies
(34.0% versus 32.7%), between participating and
nonparticipating children was found. Furthermore,
a history of atopic disease in the children or their
parents did not affect participation for the different
study instruments [10].

The prevalence of heterozygosity for PiS or PiZ
was 6.3% in the total sample, comprising 3.8% PiS and
2.5% PiZ genotypes. One subject was identified
as homozygous PiZZ and excluded from further
analysis. The median plasma levels of a1-AT were
significantly lower in PiZ subjects than in PiS subjects
and other children (table 3). The 5th percentile cut-off
limit for low a1-AT plasma levels was 116 mg?dL-1.

Among the subgroup with low a1-AT levels, 11.2%
were heterozygous for PiS and 40.4% for PiZ alleles,
respectively, while 48.5% were neither PiS nor PiZ
types. In these latter subjects (n=29), normal migra-
tion was found when performing the additional
electrophoretic analyses.

Children with low levels of a1-AT showed statisti-
cally significant decrements in baseline pulmonary
function (table 4). Expiratory flow values such as
maximum expiratory flow at 75% of vital capacity
(MEF75), maximum expiratory flow at 50% of vital
capacity (MEF50), and maximal midexpiratory flow
(MMEF) were significantly lower in subjects with
low levels of a1-AT than in children with normal levels
of a1-AT. Likewise, in PiZ heterozygotes expiratory
flows were lower than in PiS heterozygotes or other
children. When controlling for CRP levels and res-
piratory tract infections, the adverse effect of a low
a1-AT level on pulmonary function remained signifi-
cant (adjusted mean difference¡SE): FEV1/forced vital
capacity (FVC) -2.09¡0.8, p=0.012; peak expiratory
flow -4.7¡2.4, p=0.05; MEF75 -6.6¡2.4, p=0.006;
MEF50 -9.41¡2.8, pv0.001; maximum expiratory
flow at 25% of vital capacity (MEF25) -8.6¡4.1, p=
0.034; MMEF -6.9¡3.2, p=0.035). Graphical analyses
using different cut-off levels of plasma a1-AT sug-
gested that the adverse effects on pulmonary function
parameters increased with decreasing levels of a1-AT
(fig. 1 and table 1).

Among children with the PiZ phenotype (n=41), low
levels of a1-AT were associated with impaired lung
function, although most differences did not reach
statistical significance (% pred¡SE: MEF75 91.0¡2.7
versus 106.2¡3.4, p=0.002; MEF50 87.1¡5.0 versus
98.5¡4.3, p=0.2; MEF25 92.7¡5.2 versus 96.6¡5.1,
p=0.7; MMEF 91.6¡3.2 versus 100.6¡4.1, p=0.1).
Neither a1-AT plasma levels nor the heterozygous
genotypes PiS or PiZ were significantly associated
with asthma, BHR, bronchitis or hay fever as will be
reported in detail elsewhere.

Pronounced decrements in pulmonary function
were observed in children with low a1-AT levels who
were also exposed to ETS as compared to exposed
children with normal a1-AT levels (table 5). The
largest reductions were observed for MEF50, MEF25

and MMEF. Excluding children who were exposed to
maternal smoking during pregnancy did not change
the results notably (e.g. % pred¡SE: MEF50 78.8¡7.6,
MEF25 65.5¡10.6, MMEF 73.7¡8.6). In contrast,

Table 2. – Number of children who were invited and child-
ren with German nationality who participated in the study

Children addressed n 7498
Questionnaires returned 85.3% (6399/7498)
German children 87.8% (5629/6399)
Blood samples obtained 59.6% (3356#,}/5629)
Baseline lung function 65.6% (2313}/3526z)
Blood sample and baseline

lung function
48.8% (1720}/3526z)

#: German children only; }: children with questionnaire
returned; z: random subsample, German children only.

Table 3. – Plasma levels of a1-antitrypsin (a1-AT) in children in Dresden and Munich according to the genotype

Genotype Subjects n Plasma levels of a1-AT

Dresden Munich
Median (min–max) mg?dL-1 Median (mini–max) mg?dL-1

PiMS genotype 121# 132 (95–183)z 134 (97–229)z

PiMZ genotype 80# 102 (71–187)z,§ 101 (52–151)z,§

Others 3040# 154 (83–254) 153 (77–255)
Total sample 3291} 152 (71–254) 152 (52–255)

Pi: protein inhibitor. #: German children with measurements of a1-AT in plasma and a1-AT genotyping; }: total number of
German children with measurements of a1-AT in plasma;z: Wilcoxon pv0.001 as compared to others; §: Wilcoxon pv0.001 as
compared to PiMS genotype.
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unexposed children with low a1-AT plasma concen-
trations showed only small decrements in MEF75 and
MEF50 in comparison to unexposed children with
normal a1-AT levels. The modifying effect of low a1-
AT levels was further confirmed by testing for
interaction [21]. The following interaction contrasts
for a1-AT and ETS exposure were statistically
significant: FEV1: -13.7 (95% CI: -20.8, -6.5; pv0.001),
FVC: -12.0 (95% CI: -19.3, -4.8; p=0.001), MEF25: -30.6
(95% CI: -52.4, -8.8; p=0.006) and MMEF: -24.0 (95%
CI: -42.5, -5.6; p=0.011). In turn, no effect modifica-
tion by heterozygosity for PiS or PiZ was seen (data
not shown). A subsample analysis for PiZ subjects was
only hampered by the small number of ETS exposed
PiZ subjects (n=5). The decrements in pulmonary
function related to ETS exposure were not associated
with an increased prevalence of respiratory symptoms
or atopy.

Traffic counts as an objective marker of traffic
exposure were available in the Munich study sample.
Similar decrements in lung function of exposed

children with low a1-AT levels were found and
remained unchanged after adjustment for ETS
(table 6). However, differences between groups and
testing for interaction did not reach statistical
significance.

Discussion

The results of this study suggest that school-aged
children with low levels of a1-AT are at risk of
developing significant asymptomatic decrements in
pulmonary function when exposed to ETS. Flow limi-
tations were particularly pronounced for mid- to end-
expiratory rates, indicating predominant narrowing of
small airways. Individual susceptibility towards poten-
tially preventable environmental hazards may thus, in
part, be predicted by a1-AT blood concentrations.

The selection of participants for blood sampling
and lung function measurements was unlikely to
differentially bias the results. The sample size in the

Table 4. – Pulmonary function in children according to genotype and plasma level of a1-antitrypsin (a1-AT)

Lung function Genotype Plasma levels

PiMS PiMZ Others a1-AT¡116 mg?dL-1

% pred; mean¡SE

a1-ATw116 mg?dL-1

% pred; mean¡SE

Subjects n 61 41 1595 68 1623
FVC 99.8¡1.4 99.9¡1.7 100.2¡0.3 100.6¡1.4 100.2¡0.3
FEV1 100.0¡1.3 98.8¡1.6 99.8¡0.3 98.5¡1.3 99.9¡0.3
FEV1/FVC 100.4¡0.8 99.1¡1.0 99.9¡0.2 98.1¡0.7} 99.9¡0.2
PEF 101.2¡2.5 97.7¡3.0 100.3¡0.5 96.2¡1.9} 100.5¡0.5
MEF75 101.7¡2.4 95.4¡3.0 99.6¡0.5 93.8¡1.8} 99.8¡0.5
MEF50 99.9¡2.9 90.6¡3.5*,# 99.0¡0.6 90.0¡2.9} 99.0¡0.6
MEF25 98.1¡4.1 95.1¡5.1 99.1¡0.8 91.2¡3.4 99.0¡0.8
MMEF 101.6¡3.2 94.6¡3.8 99.0¡0.6 92.9¡2.5} 99.1¡0.6

Data are presented as % predicted; least square mean¡SE unless otherwise stated. FVC: forced vital capacity; FEV1: forced
expiratory volume in one second; PEF: peak expiratory flow; MEF75, MEF50, MEF25: maximum expiratory flow at 75%, 50%
and 25% of vital capacity, respectively; MMEF: maximal midexpiratory flow; Pi: protein inhibitor. *: pv0.05 in one-way
analysis of variance: PiMZ in comparison to children with other genotypes; #: pv0.05 in one-way ANOVA: PiMZ in
comparison to PiMS; p-values corrected for multiple comparisons with the stepwise Bonferroni method [20]; }: pv0.05 in
t-test: children with a1-AT ¡116 mg?dL-1 in comparison to children with a1-AT levelsw116 mg?dL-1.

Table 5. – Combined effects of a1-antitrypsin (a1-AT) plasma levels and exposure to environmental tobacco smoke (ETS)
on pulmonary function

Subjects n FVC FEV1 FEV1/FVC PEF MEF75 MEF50 MEF25 MMEF

a1-AT normal
ETS unexposed

1331 99.8¡0.3 99.7¡0.3 100.1¡0.2 101.0¡0.5 100.3¡0.5 99.3¡0.6 99.0¡0.9 99.1¡0.7

a1-AT normal
ETS exposed

226 102.3¡0.7 101.5¡0.7 99.4¡0.5 98.0¡1.3 97.4¡1.2 99.0¡1.5 100.3¡2.1 99.9¡1.7

a1-AT low
ETS unexposed

55 101.8¡1.4 100.4¡1.4 98.7¡0.9 96.7¡2.6 93.9¡2.6} 92.6¡3.1} 96.6¡4.4 96.8¡3.4

a1-AT low
ETS exposed

10 92.3¡3.3# 88.5¡3.3# 96.4¡2.1 92.6¡6.1 94.7¡6.0 79.4¡7.2# 67.4¡10.0# 73.7¡8.6#

Data are presented as % predicted; least square mean¡SE. FVC: forced vital capacity; FEV1: forced expiratory volume in one
second; PEF: peak expiratory flow; MEF75, MEF50 and MEF25: maximum expiratory flow at 75%, 50% and 25% of vital
capacity, respectively; MMEF: maximal midexpiratory flow. a1-AT normal:w116 mg?dL-1; a1-AT low: ¡116 mg?dL-1; ETS
unexposed:v10 cigarettes smoked per day at home; ETS exposed: o10 cigarettes smoked per day at home. #: pv0.05 in two-
way ANOVA: children with a1-AT low and ETS exposed in comparison to children with a1-AT normal and ETS exposed;
}: pv0.05 in two-way ANOVA: children with a1-AT low and ETS unexposed in comparison to children with a1-AT normal
and ETS unexposed; p-values corrected for multiple comparisons with the stepwise Bonferroni method [20].
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subgroups with lung function measurements was due
to random partition of the sample into "participating"
and "nonparticipating" schools, whereby lung func-
tion measurements were only offered to "participat-
ing" schools. Participation rates were satisfying and
not related to disease or exposure status, as reported
herein, and are also described in detail elsewhere [10].
Neither current nor prenatal exposure to ETS, nor
exposure to truck traffic significantly affected partici-
pation in blood sampling or lung function measure-
ment. Furthermore, none of these exposures were
significantly related to a1-AT levels. Therefore, a
significant bias is very unlikely to have occurred.

Almost half of all subjects with low a1-AT levels
had neither PiZ nor PiS genotypes, and their speci-
mens showed normal migration during electrophor-
esis. Other DNA polymorphisms in regulatory sites
may account for reduced a1-AT concentrations [22],
while no environmental stimuli are known to down-
regulate blood levels. Genetic heterogeneity may thus,
in part, determine the decreased a1-AT concentra-
tions. To assess an individual9s antiprotease balance
and their response to hazardous environmental
stimuli, measurements of blood levels may be more
appropriate than genetic studies which only identify
single deficient alleles. This notion is further sup-
ported by the finding that even among PiZ hetero-
zygotes, subjects with low a1-AT levels had lower
lung function than children with levels of a1-AT
w116 mg?dL-1.

The exposure of children in this study to ETS in the
home was assessed by self-administered parental
questionnaires. Many earlier reports have consistently
shown that parental self-reported smoking is a valid
and reliable marker of a child9s exposure to passive
smoke [11, 12, 23, 24]. In fact, questionnaire informa-
tion on smoking habits may be a more valid estimate
of the relevant (average) long term ETS exposure
than other methods e.g. urinary measurements [11],
because the half-life of cotinine is short in children
(6–54 hrs) and reflects only short-term exposures
[25]. Moreover, differential misclassification, resulting
from parents of affected children under- or over-
reporting ETS exposure, is very unlikely to have

occurred in this study, since the reported decrements
in pulmonary function were not associated with an
increased prevalence of respiratory symptoms. In
accordance with results from previous validation
studies, children were classified as exposed if parents
reported smoking o10 cigarettes?day-1 [11, 12]. A
significant degree of active smoking in this age group
of elementary school children is very unlikely.

ETS related decrements in pulmonary function may
reflect long-term sequelae of maternal smoking in
pregnancy, whereby current exposure to air pollution
may become less relevant. However, results remained
virtually unchanged when children exposed to mater-
nal smoking in utero were excluded from the analyses,
suggesting that prenatal exposure alone does not
account for the effects reported in this study.

In accordance with previous findings in which lung
function was associated with truck traffic density
but had a lesser association with automobile traffic
density [26], the effect of truck traffic exposure on
children with low levels of a1-AT was investigated.
Associations similar to those with exposure to ETS
were found. Despite the lack of statistical significance,
the present authors feel that the observed associations
may be relevant. The findings are consistent with
and independent of the effects of ETS exposure, since
adjustment for ETS did not change the results. The
weaker associations may in part be attributable to
the difficulties of traffic exposure assessment. Alter-
natively, exposure at home may be more relevant
than outdoor pollution, since children spend more
time indoors than outdoors. Thus, these findings may
suggest that a1-AT levels are also a biomarker for an
individual9s sensitivity to the effects of air pollution
other than ETS.

The major function of a1-AT as an antiprotease is
to inhibit neutrophil elastase [1]. In animal studies the
instillation of elastase into the lungs induces changes
distal to the terminal bronchioles with destruction of
alveolar walls, elastic fibres and the connective tissue
matrix, eventually resulting in the development of
emphysema [27]. These findings are in agreement with
the results of this study showing the strongest effect of
low a1-AT levels on mid- to end-expiratory flow rates.

Table 6. – Combined effects of a1-antitrypsin (a1-AT) plasma levels and exposure to truck traffic density on pulmonary
function adjusted for environmental tobacco smoke (ETS)

Subjects n FVC FEV1 FEV1/FVC PEF MEF75 MEF50 MEF25 MMEF

a1-AT normal
Truck traffic unexposed

373 101.1¡0.6 99.6¡0.6 98.7¡0.4 97.5¡1.1 97.0¡1.1 96.5¡1.4 95.0¡2.0 95.4¡1.5

a1-AT normal
Truck traffic exposed

185 102.4¡0.8 100.5¡0.8 98.4¡0.6 97.8¡1.5 97.2¡1.4 96.8¡1.8 96.0¡2.5 95.8¡2.1

a1-AT low
Truck traffic unexposed

13 95.1¡3.2 94.2¡3.2 99.1¡2.3 98.5¡6.1 100.0¡6.0 87.2¡7.3 85.5¡10.7 85.7¡8.4

a1-AT low
Truck traffic exposed

8 95.7¡3.5 90.5¡3.5 94.8¡2.5 93.7¡6.6 95.4¡6.5 79.9¡7.9 72.3¡12.0 76.2¡17.1

Data are presented as % predicted; least square mean¡SE (from the cell means model, which includes an a1-AT ETS
interaction term). FVC: forced vital capacity; FEV1: forced expiratory volume in one second; PEF: peak expiratory flow;
MEF75, MEF50 and MEF25: maximum expiratory flow at 75%, 50% and 25% of vital capacity, respectively; MMEF: maximal
midexpiratory flow; a1-AT normal:w116 mg?dL-1; a1-AT low: ¡116 mg?dL-1; truck traffic unexposed: ¡730 trucks?day-1 at
streets in a radius of 100 m around the children9s homes. Truck traffic exposed:w730 trucks?day-1 at streets in a radius of
100 m around the children9s homes.
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Although measurements of maximum expiratory flow
at low lung volumes are prone to variability due to
the dependence on total lung volume and technical
limitations, these measurements probably best reflect
the size of the small airways [28].

The primary response to active smoking is inflam-
mation of the airway epithelium as described in earlier
reports [29]. Studies using bronchoalveolar lavage
(BAL) techniques have shown a significant increase
of neutrophils and macrophages in BAL fluids of
smokers, probably resulting in an increased release of
human neutrophil elastase in their lungs [30]. While
very little is known about the effects of ETS on lavage
fluids in children because of ethical constraints,
experimental animal studies suggest that passive
smoking is similarly associated with inflammation of
the airways [31]. Likewise, exposure to particulates,
a component of both ETS and diesel exhausts, has
been shown to induce neutrophilic responses in
airways of adults [8]. By increasing neutrophil influx
into the lung the antiprotease capacity of exposed
subjects with low levels of a1-AT may rapidly be
exhausted resulting in progressive damage of lower
airways and diminished elastic lung recoil through
destruction of elastic fibres [1, 3]. This process may
further be enhanced by the functional impairment of
a1-AT when oxidized by cigarette smoke [32].

There is evidence of a high degree of tracking of
levels of pulmonary function from childhood to
adulthood [5, 6]. Decrements in pulmonary function
acquired in childhood may therefore predispose
subjects to the development of chronic airflow limita-
tion and COPD as adults. Several studies have
attempted to relate PiZ and PiS heterozygosity to
COPD. Most cross-sectional studies failed to show
a significant association [33], while prospective [34]
and case-controlled studies [35] found an increased
risk of lung disease among heterozygous subjects.
These studies however, did not consider smoking as
an effect modifier, thereby probably attenuating their
results towards null.

In conclusion, the findings of this study suggest that
school children with low levels of a1-antitrypsin are
at risk of developing pronounced decrements in
pulmonary function, particularly if they are exposed
to environmental pollutants such as environmental
tobacco smoke. This asymptomatic loss in lung func-
tion may be considered an intermediate phenotype
in a causal pathway eventually leading to chronic
obstructive pulmonary disease in adulthood. Parents
of children with heterozygous a1-antitrypsin defi-
ciency, resulting in significantly reduced blood con-
centrations, should be advised to give up smoking and
to prevent their children from taking up smoking.

References

1. Gadek JE, Crystal RG. a1Antitrypsin deficiency.
In: Stanbury JB, Wyngaarden JB, Fredrickson DS,
Goldstein JL, Brown MS, eds. The metabolic basis
of inherited disease. New York, McGraw Hill Book
Company, 1982; pp. 1450–1467.

2. Brantly M, Nukiwa Y, Crystal RG. Molecular basis of

a1-antitrypsin deficiency. Am J Med 1988; 84: Suppl.
6A, 13–31.

3. Burrows B. Airway obstructive diseases: pathogenic
mechanisms and natural histories of the disorder. Med
Clin North Am 1990; 74: 547–559.

4. Janus ED, Phillips NT, Carrell RW. Smoking, lung
function and a1-antitrypsin deficiency. Lancet 1985;
1: 152–154.

5. Tager IB, Segal MR, Speizer FE, Weiss ST. The
natural history of forced expiratory volumes. Am Rev
Respir Dis 1988; 138: 837–849.

6. Kerstjens HAM, Rijcken B, Schouten JP, Postma DS.
Decline of FEV1 by age and smoking status: facts,
figures, and fallacies. Thorax 1997; 52: 820–827.

7. Cook DG, Strachan DP, Carey IM. Parental smoking
and spirometric indices in children. Thorax 1998; 53:
884–893.

8. Salvi S, Blomberg A, Rudell B, et al. Acute
inflammatory responses in the airways and peripheral
blood after short-term exposure to diesel exhaust in
healthy human volunteers. Am J Respir Crit Care Med
1999; 159: 702–709.

9. Anderson R, Theron AJ, Richards GA, Myer MS,
von Rensburg AJ. Passive smoking by humans
sensitizes circulating neutrophils. Am Rev Respir Dis
1991; 144: 570–574.

10. Weiland SK, von Mutius E, Hirsch T, et al. Prevalence
of respiratory and atopic disorders among children
in the East and West of Germany five years after
reunification. Eur Respir J 1999; 14: 862–870.

11. Oddoze C, Dubus JC, Badier M, et al. Urinary
cotinine and exposure to parental smoking in a
population of children with asthma. Clin Chem 1999;
45: 505–509.

12. Nafstad P, Botten G, Hagen JA, et al. Comparison of
three methods for estimating environmental tobacco
smoke exposure among children between 12 and
36 months. Int J Epidemiol 1995; 24: 88–94.

13. Kabesch M, Schaal W, Nicolai T, von Mutius E.
Lower prevalence of asthma and atopy in Turkish
children living in Germany. Eur Respir J 1999; 13: 1–6.

14. Miller SA, Dykes DD, Polesky HF. A simple salting
out procedure for extracting DNA from human
nucleated cells. Nucleic Acid Res 1988; 16: 1215.

15. Sternberg JC. A rate nephelometer for measuring
specific proteins by immunoprecipitin reactions. Clin
Chem 1977; 23: 1456–1464.

16. Braun A, Meyer P, Cleve H, Roscher AA. Rapid and
simple diagnosis of the two common a1-proteinase
inhibitor deficiency alleles PiZ and PiS by DNA ana-
lysis. Eur J Clin Chem Clin Biochem 1996; 34: 761–764.

17. McElvaney NG, Stoller JK, Buist AS, et al. Baseline
characteristics of enrollees in the National Heart,
Lung, and Blood Institute Registry of a1-antitrypsin
deficiency. Chest 1997; 111: 394–403.

18. Gardner RM, Hankinson JL, Clausen JL, Crapo RO,
Johnson RL, Epler GR. Standardization of spiro-
metry: 1987 update. Official Statement of the American
Thoracic Society. Am Rev Respir Dis 1987; 136: 1285–
1298.

19. Department for Environmental Safety, City of
Munich. Report of the IVU "Gesellschaft für Infor-
matik, Verkehrs- und Umweltplanung": investigation
about soot, benzene, and NO2 exposure at main roads
in Munich. (Bericht: Untersuchung zur Belastung
der Münchner Hauptverkehrsstrassen durch Russ-,
Benzol- und NO2-Immissionen). Berlin, 1996.

1105AIR POLLUTION AND LOW a1-AT



20. Holm S. A simple sequentially rejective multiple test
procedure. Scan J Statistic 1979; 6: 65–70.

21. Westphal PH, Tobias RD, Ror D, Wolfinger RD,
Hochberg Y. Multiple comparisons and multiple tests
using the SAS system. 1st edn. Cary (NC), SAS
Institute Inc., 1999.

22. Morgan K, Kalsheker NA. Regulation of the serine
proteinase inhibitor (SERPIN) gene a1-antitrypsin: a
paradigm for other SERPINs. Int J Biochem Cell Biol
1997; 29: 1501–1511.

23. Marbury MC, Hammond SK, Haley NJ. Measuring
exposure to environmental tobacco smoke in studies
of acute health effects. Am J Epidemiol 1993; 137:
1089–1097.

24. Cook DG, Whincup PH, Papacosta O, Strachan DP,
Jarvis MJ, Bryant A. Relation of passive smoking as
assessed by salivary cotinine concentration and ques-
tionnaire to spirometric indices in children. Thorax
1993; 48: 14–20.

25. Collier AM, Goldstein GC, Shrewsbury RP. Cotinine
elimination following ETS exposure in young children
as a function of age, sex and race. Proc Indoor Air
1993; 1: 669–674.

26. Brunekreef B, Janssen NAH, de Hartog J, Harrsema
H, Knape M, van Vliet P. Air pollution from truck
traffic and lung function in children living near
motorways. Epidemiol 1997; 8: 298–303.

27. Snider GL, Lucey EC, Stone PJ. Animal models of
emphysema. Am Rev Respir Dis 1986; 133: 149–169.

28. Solomon DA. Clinical significance of pulmonary
function tests; are small airway tests helpful in the

detection of early airflow obstruction? Chest 1978; 74:
587–589.

29. Wright JL, Hobson JE, Wiggs B, Pare PD, Hogg JC.
Airway inflammation and peribronchiolar attach-
ments in the lungs of non-smokers, current and
ex-smokers. Lung 1988; 166: 277–286.

30. Morrison D, Rahman I, Lannan S, MacNee W.
Epithelial permeability, inflammation, and oxidant
stress in the air spaces of smokers. Am J Crit Care
Med 1999; 159: 473–479.

31. Coggins CRE, Ayres PH, Mosberg AT, Ogden MW,
Sagartz JW, Hayes AW. Fourteen day inhalation
study in rats, using aged and diluted sidestream smoke
from a reference cigarette. Fundam Appl Toxicol 1992;
19: 133–140.

32. Wallaert B, Gressier B, Marquette CH, et al. Inactiva-
tion of a1-proteinase inhibitor by alveolar inflam-
matory cells from smoking patients with or without
emphysema. Am Rev Respir Dis 1993; 147: 1537–1543.

33. Bruce RM, Cohen BH, Diamond LD, et al. Colla-
borative study to assess risk of lung disease in Pi
MZ phenotype subjects. Am Rev Respir Dis 1984;
130: 386–390.

34. Tarján E, Magyar Z, Váczi Z, Lantos A, Vaszár.
Longitudinal lung function study in heterozygous
PiMZ phenotype subjects. Eur Respir J 1994; 7:
2199–2204.

35. Sanford AJ, Weir TD, Spinelli JL, ParÈ PD. Z and S
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