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Ventilatory Lung Function and Chronic
Chest Symptoms among the Inhabitants of
Urban Areas with Various Levels of Acid
Aerosols: Prospective Study in Cracow

by Wieslaw Jedrychowski* and Michal Krzyzanowskit

The analysis carried out earlier in Cracow showed that the high level of S02 and particulate matter
(PM) alone cannot be responsible for an excess of chronic chest symptoms and faster lung function
deterioration in the population at large. To check the hypothesis that acid aerosols present in the
urban air may cause substantial damage of the lungs, data from a 13-year follow-up survey of chronic
chest diseases in Cracow (1968-1981) have been reanalyzed. In the plan of the analysis, three areas
of the city with various levels of sulfate and sulfur transformation ratio (STR) in the urban air have
been defined. In each of the defined areas, the prevalence of chronic chest symptoms, as well as lung
function decline, have been studied. In total, the lung function study group consisted of 1414
persons (584 males and 830 females). Those men who lived in the area with the higher sulfate and
STR had lower FEV, levels by about 151 mL than did the residents of the other areas, and this was
equivalent to the effect of smoldng. In females, the pattern was generally the same. In men, the FEV1
decline rate (miyear) over the 13-year period was significantly faster by about 11 mVyear in the
areas with higher and intermediate STR, which was again equivalent to the effect of smoking. It was
found that the level of SO2 and PM in the urban air correlated with the symptom prevalence in
women; however, it had no clear impact on lung function deterioration.

Introduction
The effect of atmospheric air pollution on chronic

respiratory diseases has been studied in numerous
epidemiological surveys (1-5). Extensive cross-sec-
tional studies showed a gradation of symptoms across
the levels of pollution; however, as pollution was mea-
sured in different ways in each of the studies, it is dif-
ficult to deduce any quantitative relationships with
sulfur dioxide (SO2) and particulate matter (PM).
Some of the studies indicated that increased cough and
phlegm production were associated with air pollution
but decreased lung function was not.
The impact of SO2 and PM in the urban air on

chronic respiratory problems has been studied earlier
in Cracow, and the prevalence of chronic chest symp-
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toms persistent over 5 years (1968-1973) was related to
the air pollutants (5,6). The air pollution level in Cra-
cow (SO2 and PM) was then monitored daily by a net-
work of 20 sampling stations covering the entire area
of the city. The data on air pollution enabled us to select
the part of the city having the highest air pollution
level during the study period. This proved to be in the
city center, where the mean daily concentration of PM
was 180 ,ug/m3 and of SO2 was 114 ,ug/m3. In the re-
maining areas the daily mean concentration of PM
was 109 gg/m3 and of SO2 was 53 ,ug/m3. Only oc-
casionally did the air pollution in these areas exceed
that in the city center. The findings of this study in
Cracow showed that air pollution increased the preva-
lence of persistent chest symptoms and reduced FEV1
level only in persons who were exposed to occupational
hazards. The results showed that even the high level of
SO2 and PM alone cannot be responsible for signifi-
cant excess in chest symptoms and lung function
deterioration and, therefore, other pollutants should be
taken into consideration.
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The association shown in Japan between sulfuric
acid (H2SO4) and respiratory morbidity (7) gives
support to the hypothesis that acid aerosol is a very
harmful component of urban air pollution. This is
consistent with the results of mortality in major cities
in the U.S. (8) that indicate that sulfates are better
predictors of mortality than any of the gravimetric
indices that have been used previously. To check this
intriguing hypothesis, the data from the 13-year
follow-up survey of chronic chest diseases in Cracow
(1968-1981) have been reanalyzed. In the plan of the
analysis, three areas of the city with various levels of
sulfate and sulfur transformation ratio in the urban
air have been defined. In each of the areas, the
prevalence of chronic chest symptoms and lung
function decline rate in the study sample have been
measured over the study period.

Materials and Methods
The study area covers the city of Cracow in which

about 740,000 inhabitants live. The town is situated in
the valley of the Vistula River where long inversion
phenomena occur, as well as a great number of foggy
and misty days (up to 150 days during a year). The
urban area, especially the city center, is characterized
by little wind and frequent periods of stillness. The
rapidly growing industry and a great number of
chimneys of houses with insufficient central heating
until recent times are the main sources of air pollution
in Cracow.
The spatial distribution of the daily mean level of

S02 shows that the highest concentrations over the
whole year are present in the central area of the city.
Mean daily levels of SO2 concentrations in the cold
months are two or even three times higher than in
summertime. About 50% of SO2 measurements in the
city center are in the range of 151 to 350 ,ug/m3. The
spatial distribution of PM less than 20 gm is similar to
that of SO2. In the cold months (October-March) the
dust concentrations are three to four times higher
than in months with mild weather (April-September),
and the frequency of the measurements above 200
,ug/m3 is very high, especially in the city center (Table
1).
Annual mean concentration of So2- in the Cracow

region is 19.2 ,ug/m3. The highest values (23.3 ,ug/m3)
have been found in the eastern part of the region
around the metallurgical complex. In order to assess
transformation rates of SO2 to sulfite (SO3) in the
atmosphere, the relative content of sulfate sulfur versus
total sulfur has been measured. It appeared that in the
center of the city this ratio was 10%; however, in the
area around the metallurgical complex, it was found to
be 40%. It is supposed that the faster transformation
process of SO2 could have been caused by oxidation
processes on catalytic particulate matter aerosols
emitted by the metallurgical complex and cement
factory situated in the eastern part of the city (9).
On the basis of measurements of SO2, PM, and sul-

fur transformation ratio (STR), the three pollution
areas have been defined: area A, eastern part of the city,
around the metallurgical complex, with lower SO2
and PM level, but high STR (40%); area B, western part
of the region, with intermediate levels of SO2, PM, and
STR (15%); and area C, central part of the city, includ-
ing the old city center, with very high SO2 and PM
level, but low STR (10%).
The data on health status of the Cracow inhabitants

were derived from the Cracow 13-year prospective
study on chronic obstructive lung disease (10). The
first survey was completed in 1968, the second survey
in 1973, and the third in 1981. In the first survey, the
standardized interviews and spirometric testing were
performed in 3047 persons, i.e., in 70% of the random
sample of Cracow adult residents. The whole group that
completed the spirometric testing and interviews in all
three surveys had, in total, 1747 persons. The analysis
presented deals only with those subjects who at least
over the last 8 years of the follow-up (since 1973) did not
change their residence area. In total, this study group
consisted of 2357 persons (951 males and 1406 females);
however, only 1414 persons (584 males and 830
females) completed all three spirometric tests.
To estimate the eventual selection bias, the charac-

teristics of the group under study were compared with
those of the dropouts. There was an excess in the preva-
lence of wheezing and attacks of breathlessness in area
C men who were interviewed in 1968. This could
eventually blur the differences across the city areas. An
excess in chronic cough and phlegm between the study
group and the dropouts known to be alive was about
the same size in every city area, and it should have no

Table 1. Mean daily concentrations of particulate matter and SO2 in various areas of Cracow.a

Mean daily Winter Nonwinter
concentration, pgIm3 season season Annual
Particulate matter
Area A 110 44 72
Area B 135 46 82
Area C 177 58 110

S02
Area A 103 61 79
Area B 124 59 85
Area C 135 63 94

aBased on data from 1976 to 1986.
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impact on the conclusions. In females, there was a

bigger excess in the prevalence of wheezing, attacks of
breathlessness, and chronic cough in area B than in
area A, and this might inflate the difference in the
frequency of symptoms observed.
Comparing FEV1 level in 1968 (standardized by age

and height) between those who were included in the
study sample and those who were not followed in the
various city areas, one can see that the differences
across the areas were not statistically different between
examined and dropouts known to be alive (Table 2).
Hence, the selection factor could not bias the lung
function results.
The assessment of the health status of the population

sample included standardized interviews and spiro-
metric measurements (11). The questionnaire was
based on the British Medical Research Council ques-
tionnaire for studies of chronic, nonspecific respira-
tory diseases. The spirometric testing was performed
with the Vitalograph nondigital wedge spirometer.
On all three occasions examined persons repeated the
maximal forced expiration effort five times, and the
highest tracing to estimate FEV1 was chosen and later
corrected to body temperature pressure saturated
(BTPS).
Chronic cough or chronic phlegm was diagnosed

in those persons who reported the symptoms usually
during day or night at least over 3 consecutive
months. The diagnosis of chronic wheezing has been
made if the symptoms occurred on most days inde-
pendent of cold or chest infections. Dyspnea on effort
was diagnosed in respondents who reported that they
were troubled by shortness of breath when climbing
up the stairs and had to rest at the first or second floor.
Also, persons who confirmed that they were short of
breath when walking fast or walking up a slight hill
were inserted in this category. Attacks of breathlessness
were diagnosed in the case when respondents reported
that they had attacks of shortness of breath independent

of effort. To analyze the relationship between the
symptom prevalence and area of residence, log-linear
models were used with age and smoking habit as
possible confounders.
The rate of FEV1 change expressed in milliliters per

year was estimated for each person in the 13-year fol-
low-up period (1968-1981), as well as in the 8-year
period (1973-1981). The analysis was carried out
separately for men and women. Along with the dum-
my variable indicating the residence area, age, smok-
ing habit, and mean FEV1 level were included as con-
founders in the multiple linear regression of FEV1.

Results
In males the prevalence of chronic chest symptoms

in the end point survey (Table 3) was not in fact dif-
ferent across the city areas, but in females there was an
excess in prevalence of chronic phlegm, chronic cough,
and dyspnea on effort among those persons who lived
in area C (high SO2 and PM). Odds ratio (OR) stan-
dardized to age and smoking habit by the log-linear
model confirmed the statistically significant excess in
risk for chronic cough, chronic phlegm, and wheez-
ing only in females.
FEV1 level in 1981 was slightly lower in females

who lived in the city center (area C); however, FEV1
decline in the 13-year follow-up (1968-1981) expressed
in percentage of the mean level was significantly faster
in both sex groups that lived around the metallurgical
complex (Table 4). Mean age differed significantly
among residents of various areas and that was taken
into consideration in the following analysis.

In Tables 5 and 6 the data from the linear regression
analysis of FEV1 level (1981 survey) on age, height,
smoking, education, and area of residence are pre-
sented. One can see that the FEV1 level in males
depended not only on age, height, smoking, and edu-
cation, but also on the residence area. Those who lived

Table 2. Lung function level in 1968 among those who were included in the study sample and in dropouts by city areas.a

n % FEV1, Lb
Subjects A B C A B C A B C
Males
Study sample 181 141 262 57.6 33.1 43.0 3.97 4.09 3.97
Dropouts, alive 105 203 235 33.4 47.7 38.5 4.13 4.04 3.97
Dropouts, died (1968-1981) 28 82 113 8.9 19.2 18.5 3.93 3.47 3.56
Total (spirometric
testing in 1968) 314 426 610 100.0 100.0 100.0 4.02 3.95 3.89

(0.3)c (0.3) (0.3)

Females
Study sample 217 199 414 58.0 37.8 52.2 3.32 3.24 3.24
Dropouts, alive 142 285 305 38.0 54.2 38.3 3.29 3.26 3.29
Dropouts, died (1968-1981) 15 42 75 4.0 8.0 9.5 2.81 2.73 2.65
Total (spirometric
testing in 1968) 374 526 793 100.0 100.0 100.0 3.29 3.21 3.21

(0.2) (0.2) (0.2)
aStudy sample subjects completed three spirometric tests and did not change residency since 1973.
bStandardized by age and height.
cNumbers in parentheses are SEs of the mean.
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in area A had a lower FEV1 level by about 151 mL than
the residents of the city center (area C), and this was
equivalent to the effect of smoking. In females, the
pattern was generally the same, i.e., the effect of living
in the neighborhood of the metallurgical complex on

FEV1 level was negative, though slightly weaker than
that observed in men.

In men, the mean FEV1 decline rate (mL/year) over
the 13-year period was significantly faster by about 11
mL/year in the areas with high and intermediate

Table 3. Chronic chest symptoms reported in end point survey and odds ratios estimated by log-linear models fitted to age, smoking, and
residency.a

Dyspnea on Attacks of Chronic Chronic
effort Wheezing dyspnea cough phlegm

City area n % ORb % OR % OR % OR % OR
Males (n = 951)
Area A 283 19.8 1.22 9.9 0.99 10.6 1.06 37.1 1.20 40.3 1.09
Area B 222 17.6 0.87 9.0 0.90 8.6 0.85 29.3 0.86 38.7 1.00
Area C 446 18.6 0.93 10.8 1.10 10.8 1.10 31.4 0.97 36.8 0.92

p (X2 for
symptoms/area) 0.8 0.30 0.7 0.7 0.6 0.6 0.10 0.20 0.6 0.5

Females (n = 1406)
Area A 348 33.3 0.90 5.7 0.67 8.6 0.79 14.7 0.73 14.4 0.68
Area B 303 40.6 1.01 10.6 1.36 12.5 1.22 22.8 1.32 22.8 1.24
Area C 755 42.4 1.09 8.6 1.08 10.9 1.46 18.7 1.03 21.7 1.17

P (X2 for
symptoms/area) 0.02 0.30 0.08 0.05 0.20 0.20 0.03 0.02 0.01 0.01

aAmong those who did not change residence area since 1973.
bOdds ratio.

Table 4. Mean FEVY level, FEVY changes, mean age, and smoking habit by residency area.'

Permanent
City area n FEV1, 1981 % FEVI, 1968-1981 % FEVy, 1973-1981 Age, 1981 smokers, %
Males
Area A 181 3.15 25.7 15.5 53.1 48.6
Area B 141 3.22 24.4 14.7 55.3 46.1
Area C 262 3.16 20.5 12.2 56.1 43.5
Total 584 3.17* 23.14 13.9* 55.Ot 45.7*

Females
Area A 217 2.39 24.3 13.3 49.7 14.8
Area B 199 2.25 22.6 14.0 54.6 20.1
Area C 414 2.26 20.6 13.4 56.0 17.4
Total 830 2.29t 22.0t 13.5* 54.0t 17.3*

aLung function tested three times in subjects who did not change residency since 1973.
tp < 0.05.
4p < 0.01.
*Nonsignificant, p > 0.10.

Table 5. Linear regression of FEVY level among persons who did not change residency since 1973-males.

FEVy, 1981
Independent variables Regression coefficient SE of regression coefficient t
Area A' -150.9 63.9 2.36
Area B' - 36.0 68.7 0.52
Age, years, 1981 - 50.0 2.6 18.98
Height, m 36.0 4.6 7.81
Permanent smokers
< 15 cigarettes -172.3 92.6 1.86
2 15 cigarettes -257.7 67.1 3.84

Exsmokers -144.4 77.4 1.87
Education -138.8 56.5 3.84
Constant 41.0
R2, % 47.66
aVersus area C = 0.
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STR, and this was again equivalent to the effect of
smoking (Table 7). No interaction was found between
smoking and the quality of air in the residence area. As
regards the FEV1 decline rate over an 8-year period
(1973-1981), the effect of living in an area with high or

moderate STR was similar to that for the 13-year
period. In women, the FEV1 decline rate estimated over

the 13-year period (1968-1981) in area A was about the
same as in men, but in area B it was slightly slower
(Table 8). In area A, the effect of residency around the
metallurgical complex was even more pronounced

than that of smoking. For the FEV1 decline rate in
women over the 8-year period (1973-1981), the effects of
residency and smoking turned out to be rather small
and insignificant.

Discussion
The main message that comes from the analysis

presented is the conclusion that the high level of SO2
and PM correlated with the symptom prevalence in
women; however, it had no impact on lung function

Table 6. Linear regression of FEVY level among persons who did not change residency since 1973-females.

FEVY, 1981
Independent variables b SEb t
Area A' - 88.8 41.2 2.16
Area B' - 64.1 41.1 1.56
Age, years, 1981 - 36.2 1.5 24.61
Height, m 0.1 0.6 0.22
Permanent smokers
< 15 cigarettes -155.3 63.1 1.83
2 15 cigarettes - 82.3 56.4 1.46

Exsmokers -127.4 71.3 1.79
Education -125.5 34.4 3.65

Constant 4353.95
R2, % 46.62
aVersus area C = 0.

Table 7. Linear regression of FEVY decline rate among males who did not change residency since 1973.

FEV,, mL/year (n = 584)
1968-1981 1973-1981

Independent variables b SEb t b SEb t
Area Aa 11.7 3.7 3.20 11.1 6.0 1.85
Area B' 11.9 4.0 2.99 12.6 6.5 1.95
Height, m 159.8 28.7 5.55 141.4 46.3 3.05
Mean FEVy -10.6 2.1 5.05 -14.3 3.4 4.22
Permanent smokers
< 15 cigarettes 14.0 5.3 2.62 5.0 8.7 0.50
2 15 cigarettes 8.4 3.8 2.23 10.0 6.1 1.63

Exsmokers 14.6 4.5 3.26 7.6 7.3 1.03

Constant -190.2 -152.11
R2, % 10.5 4.6
aVersus area C = 0.

Table 8. Linear regression of FEV, decline rate among females who did not change residency since 1973.

FEV1, mL/year (n = 830)
1968-1981 1973-1981

Independent variables b SEb t b SEb t
Area A' 11.8 2.4 4.96 2.43 3.9 0.62
Area Ba 3.9 2.4 1.60 4.30 4.0 0.83
Height, m 6.5 3.3 1.98 11.2 5.4 2.06
Mean FEV, -5.8 1.7 3.51 -4.2 2.7 1.58
Permanent smokers
< 15 cigarettes 6.1 3.7 1.63 10.0 6.1 1.62
2 15 cigarettes 8.7 3.3 2.62 -4.5 5.5 0.83

Exsmokers 0.8 4.2 0.19 -0.1 6.9 0.10

Constant 39.1 28.7
RI2, % 4.8 1.3
aVersus area C = 0.
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deterioration over time. We found that FEV1 decline
rates over the follow-up were much faster in both sex
groups in those persons who lived in area A. We
assume that the effect of SO2 and PM on lung function
must have been negligible, as in area A rather low
levels and in area C rather high levels of these pollu-
tants were observed. The study supports the hypothesis
that pollutants other than SO2 or PM presumably
present in the urban air are responsible for lung func-
tion damage. It suggests that acid aerosols may be the
cause of the observed lung disorders because FEV1
decline was faster in the area with higher sulfate
content and STR. The high sulfur transformation
ratio is considered to be an indirect measure of the
oxidation processes of SO2 in the atmosphere, which in
certain circumstances may lead to the appearance of
acid aerosols and H2SO4 (9). Atmospheric H2SO4 is a
secondary contaminant arising from the chemical
transformation of gaseous SO2.
The measured So2- includes strong acids (H2SO4

and NH4HSO4), as well as the fully neutralized salt,
(NH4)2SO4. Because the H+/SO2- ratio is highly vari-
able in time and location and is often close to zero, we
have to acknowledge that So2- is a rather poor
surrogate for acid aerosols concentration. The opinion
that So2- is a better indicator of the active component of
fine particles (FP) than is PM, or total suspended
particles (TSP) does not necessarily make it an accurate
indicator of acid aerosols but does lend support to the
hypothesis that H+ may be the active agent (12-14).
Unfortunately, in our epidemiological study, we had
no possibility to relate the health status of the
population to acidity (i.e., H+ ion concentration of
respirable particles).
Our findings fit well with the data of the cross-

sectional mortality study in U.S. (1), where predictors
of mortality due to air pollution were expressed in
terms of four aerosol pollutant surrogates, i.e., TSP,
inhalable particles < 15 ,um (IP), FP < 2.5 gm, and
so2- In order of magnitude of coefficient and level of
significance between mortality rate and pollutant
surrogate, only FP and So2- had statistical signi-
ficance as predictors of response.

In our study we found that the presumed chronic
effect of higher sulfate content and higher STR in the
urban air on lung function was rather strong and
comparable with the detrimental consequences of
smoking. As no interaction was found between smok-
ing and the air pollutants, we can assume that both
factors develop their harmful effects in the lung tissue
independently. It was evident from the additional
analysis that the effect of sulfate pollutants and STR
could not be confounded by occupational hazards.
The excess in the prevalence of chronic chest symp-

toms in persons who lived in the areas with high SO2
and PM but with lower sulfate content may be ex-
plained by the fact that SO2 is mainly absorbed in the
nose and upper respiratory tract, and only minimal
amounts reach the lower respiratory tract. Also, in the
upper respiratory tract, most of total suspended par-

ticulate matter is deposited, and this part of lung air-
ways react to environmental insults with chronic
chest symptoms (cough, phlegm, etc). The more pro-
nounced symptoms in women may be caused by the
fact that women tend to spend much more of their time
than men in the residence area.
The strong effect of acid aerosols on the lung func-

tion may result from the deposition pattern in the res-
piratory tract. It is supposed that H2SO4 and (NH4)2S04
aerosols are deposited largely in the small airways. The
deposition pattern within the respiratory tract is
dependent on the size distribution of the ambient
droplets and humidity (12,15). Acidic ambient aero-
sols typically have a mean median aerodynamic
diameter of 0.3 to 0.6 im. Thus, even with hygroscopic
growth in diameter in the respiratory airways, acid
aerosols remain within the fine particle range and
deposit preferentially in the distal lung airways and
airspaces. It is possible that sulfate salts can promote
release of histamine or other mediators of broncho-
constriction in the distal airways.

Certainly, the clearance of sulfurous acid, bisulfite,
sulfite, and sulfate from the lung is influenced by the
cations present in the aerosols inhaled simultaneously.
Because urban air is such a complex mixture of these
aerosols, the assessment of harmful effects of ambient
aerosols is very difficult. Metal sulfates may alter mu-
cociliary clearance, which is responsible for clearing
the lung of particles and responsible for host defense
ability. Therefore, an accurate estimate of the toxicity of
complex aerosols occurring in urban air based on its
sulfate contents or STR may not be possible, since the
metallic ions often associated with them may also be
harmful and we do not know to what extent they could
change the health response at the population level.
Hence, further studies in this direction should be
taken into careful consideration.
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