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Abstract
Objectives: The purpose of this paper was to analyze the relationship between the selected chemical air pollutants found in the Lublin Province and
the semen parameters of men seeking fertility treatment for the first time. Material and Methods: The study involved an analysis of semen sample
test results obtained from male patients first reporting for fertility treatment in reproductive health centers in the Lublin Province, Poland. The data
set comprises semen parameters of 13 148 men, and the number of samples in the reference period was 255–769 annually. Data on air pollution were
obtained from the website of the Polish General Environmental Inspectorate and included selected chemical air pollutant levels, i.e., NO2, SO2, O3,
and PM10. Results: The mean PM10 levels in the air increased, on average, by 0.65 μg/m3 annually in 2000–2015 (p = 0.029); the mean levels of O3,
NO2, SO2 did not change significantly in the analyzed period. There were increasing trends in the mean sperm density and total sperm count of the
subjects in 1992–2015 (p < 0.001). The mean percentage of sperm with normal morphology significantly decreased in the subsequent analysis periods: 1992–1998 (p = 0.001); 1999–2009 (p < 0.001); 2010–2015 (p = 0.001). A significant negative correlation was found between the ozone levels in
the air in the Lublin Province and the percentage of sperm with normal morphology (r = –0.8311, p = 0.040). Conclusions: Exposure to ozone in the
air contributes to decreased percentages of sperm with normal sperm morphology. Over the years, there was an increasing trend in sperm density in
the men first reporting for fertility treatment, and a decreasing trend in the percentage of sperm with normal morphology. Int J Occup Med Environ
Health. 2019;32(3):387 – 99
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INTRODUCTION
Air pollution is the main cause of global threats to the environment and to the human population. Its sources include
emissions of various chemical compounds from industrial
plants, vehicles, and households [1]. The poor air quality
found in Poland is mainly caused by emissions from households and road transport, with large amounts of exhaust
and flue gases released into the atmosphere [2].
In Europe, pollutant emissions are constantly monitored by
the European Environment Agency (EEA). AirBase is the
air quality information system operated by the EEA through
the European topic centre on air pollution and climate
change mitigation. It contains air quality data delivered
annually under Council Decision 97/101/EC (Exchange on
Information Decision) [3]. The Agency data indicate that
air pollution is the most severe in Poland and Bulgaria [4].
In Poland, air pollution is monitored within the National
Environment Monitoring framework, developed by the
Chief Environmental Inspector and approved by the Minister of Environment. Air quality in Poland is monitored
with regard to the following 12 pollutants: sulfur dioxide,
nitrogen dioxide, carbon oxide, benzene, ozone, suspended
particulate matter (particulate matter with a particle diameter < 10 μm [PM10] and with a particle diameter ≤ 2.5 μm
[PM2.5]), and pollutants contained in PM10: lead, arsenic,
cadmium, nickel, and benzo(a)pyrene (BaP) [5].
In Poland, air pollution contributes to approx. 45 000
premature deaths annually, and 97% of Poles breathe air
classified as harmful in accordance with World Health Organization (WHO) guidelines [4,6]. Inhaled particulate
matter is immediately carried through the bloodstream to
the kidneys, liver, brain, and other tissues, disrupting their
physiology [1]. In 2005, the WHO announced that PM2.5
and PM10 may be detrimental to human health (by contributing to cancer, respiratory diseases, and cardiovascular
diseases), even at half the concentrations considered allowable in the European Union [6]. Problems related to
air pollution and adverse health effects are on the rise [4].
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According to Lelieveld et al., model projections based on
a business-as-usual emission scenario indicate that the
contribution of outdoor air pollution to premature mortality could double by 2050 [7].
The literature includes numerous reports confirming the adverse impact of chemical factors on semen quality [8–15]. Exposure to air pollutants is associated with decreases in sperm
motility, density, and the percentage of sperm with normal
morphology. These substances also increase sperm DNA
fragmentation, contribute to disomy of chromosomes 21
and Y, and affect sex differentiation (the Y:X sperm ratio)
[11,16]. The harmful effects of air pollution can be explained
by oxidative stress [2,17,18]. Human reproductive capability
has decreased in recent years, as confirmed by a number of
scientific reports [19–21]. Undoubtedly, this decreased fertility is also associated with the fact that in many European
countries the decision to have children is increasingly postponed until an older age [22,23]. Environmental factors, including pollution in the lower layer of the atmosphere, are
also significant to human fertility [24–26]. Though many
studies have demonstrated an association between air pollution and fertility in animals, including in particular semen
quality, this relationship remains unclear in humans [27,28].
The purpose of this paper was to analyze the relationship
between the selected chemical air pollutants found in the
Lublin Province and the semen parameters of men first
reporting for fertility treatment.
MATERIAL AND METHODS
Study group
The study involved analyzing semen sample test results
obtained from male patients who reported for fertility
treatment in the years 1992–2015 to the major reproductive health centers in the Lublin Province, Poland, i.e., the
Independent Public Teaching Hospital No. 1, the Luxmed
Medical Centre, and the privately-owned “Ovum” Fertility Clinic. Analyses were performed on a set of seminograms in men who had abstained from sexual activity and
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alcohol consumption for 3–5 days before the test. Seminograms revealing azoospermia were excluded from the
study. The data set comprised semen parameters of a total
of 13 148 men, and the number of samples in the analyzed
period was 255–769 annually. The study was approved by
the Bioethics Committee of the Rural Health Institute in
Lublin (approval No. 24/2013).
Air pollution data and exposure assessment
Data on air pollution were obtained from the website
of the Polish General Environmental Inspectorate and
included selected chemical air pollutant levels in the
years 2000–2015. The analyses included the levels of nitrogen dioxide (NO2), sulfur dioxide (SO2), ozone (O3),
and suspended particulate matter with a particle diameter
below 10 μm (PM10). The selection of air pollutants for the
analyses was based on the availability of data for long time
series in the Lublin Province.
Semen analysis
Semen tests were performed by laboratory diagnostics
specialists whose skills are regularly verified by the Polish
Society of Andrology. The testers used an internal quality assurance system, ensuring result reproducibility, and
worked simultaneously in the 3 centers selected for the
study. Such data as ejaculate volume, total sperm count,
sperm density, and the percentages of sperm with progressive motility and with normal morphology have been available in medical documentation since 1992, but the percentage of viable sperm has only been tested since 2000.
Semen was tested in accordance with the 1992 WHO
guidelines [29] from the beginning of the study period until 1998, with the 1999 WHO guidelines [30] – until 2009,
and with the 2010 WHO guidelines [31] – from 2010 on.
The 2010 WHO guidelines for motility analysis only include
an evaluation of sperm progression or lack thereof.
The older, 1992 and 1999, versions of the WHO guidelines distinguished between rapid and slow progression;
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therefore, in the present study, data from the 2 categories were summarized to obtain results comparable with
those obtained under the 2010 WHO guidelines. Due to
the changes in sperm morphology evaluation methods introduced in the 2010 WHO guidelines [31], the percentage
of sperm with normal morphology was analyzed separately
for 3 periods: 1992–1998 (in accordance with the 1992
WHO guidelines [29]), 1999–2009 (the 1999 WHO guidelines [30]), and 2010–2015 (the 2010 WHO guidelines
[31]).
Statistical analysis
Statistical analyses were performed using the STATISTICA
software (StatSoft, Poland). Linear trends were estimated for
the time series of air pollutants in the years 2000–2015, and
for the average age of men and mean semen parameters in the
years 1992–2015. Regression models of the above-mentioned
variable with the explanatory variable, representing the number of time series, along with the coefficient of determination
and Pearson’s correlation coefficient, were used. Pearson’s
coefficient was also used to analyze the correlation between
age and semen parameters, and between air pollutants for
the region in which the examined men lived and mean semen
parameters in years 2000–2015. Due to the large sample sizes
for each year (including several hundred men), parameter estimators were asymptotically normal distributed according to
the central limit theorem and, consequently, statistical tests
for large samples were used. The value of p < 0.05 was considered to be statistically significant.
RESULTS
Air pollution in the study period
In the years 2000–2015, the mean atmospheric PM10
levels in the Lublin Province increased, on average,
by 0.65 μg/m3 annually (y = 0.65t+23.26, R2 = 0.318,
r = 0.564, p = 0.029), whereas the mean ozone, nitrogen
dioxide and sulfur dioxide levels did not change significantly in the analyzed period (Figure 1).
IJOMEH 2019;32(3)

389

Atmospheric concentration [μg/m3]

ORIGINAL PAPER

    A. WDOWIAK ET AL.

60
Air pollutants:
O3
PM10

55
50

NO2
SO2

45
40
35
30
25
20
15
10
5
0
2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015
Year

Figure 1. Air pollution in the Lublin Province, Poland, 2000–2015

Study group characteristics
An analysis of the age of men reporting for fertility treatment in the Lublin Province showed an increasing trend in
the average age (y = 0.096t+30.673, R² = 0.779, r = 0.883,
p < 0.001) (Figure 2).
Changes in semen parameters
An increasing trend in mean sperm density was fitted in
the years 1992–2015 (y = 1.0879t+17.562, R² = 0.7437,
r = 0.862, p < 0.001). Mean sperm density was the
lowest in 1992, at 18.3 m/ml. The maximum mean value of 48.6 m/ml was found in 2010 and, subsequently,
sperm density decreased again (Figure 3). Mean ejaculate volume ranged from 3.10 ml in 1998 to max 4.76 ml
in 2009, without any significant upward or downward
trends in the years 1992–2015 (r = 0.289, p = 0.171)
(Figure 4).
Total mean sperm count increased, on average, in the
years 1992–2015 (y = 5.3676t+56.001, R² = 0.7609,
390
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r = 0.972, p < 0.001). The lowest mean total sperm count
was found in 1999 (72.1 million), and the highest in 2009
(190 million) (Figure 5).
The mean percentage of sperm with normal morphology
decreased significantly every year:
–– in 1992–1998: y = –1.0365t+61.735, R² = 0.8915,
r = 0.944, p = 0.001,
–– in 1999–2009: y = –3.1521t+59.233, R² = 0.9741,
r = 0.987, p < 0.001,
–– in 2010–2015: y = –4.1477t+26.23, R² = 0.9443,
r = 0.972, p = 0.001) (Figure 6).
The mean percentage of sperm with progressive motility in the years 1992–2015 did not change significantly over the analysis period (r = –0.003, p = 0.989)
(Figure 7).
As shown in Figure 8, the mean viable sperm percentages found in men increased in the years 2000–2015
by 2.085 percentage points annually, on average (y = 2.085t
+46.630, R² = 0.893, r = 0.944, p < 0.001).

Age [years] (M)
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Figure 2. Age of the subjects in the Lublin Province, Poland, 1992–2015
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Figure 3. Sperm density in the subjects in the Lublin Province, Poland, 1992–2015
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Figure 4. Ejaculate volume in the subjects in the Lublin Province, Poland, 1992–2015
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Figure 5. Total sperm count in the ejaculate in the subjects in the Lublin Province, Poland, 1992–2015
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Figure 6. Sperm with normal morphology in the subjects in the Lublin Province, Poland, 1992–2015
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Figure 7. Sperm with progressive motility in the subjects in the Lublin Province, Poland, 1992–2015
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Figure 8. Viable sperm of the subjects in the Lublin Province, Poland, 2000–2015

Age and semen parameters
A significant negative correlation was found between age
and the viable sperm percentage – the older the men,
the lower was their viable sperm percentage (r = –0.169,
p = 0.002) (Table 1). Other semen parameters were not
significantly correlated with age (p > 0.05).
Table 1. Correlations between age and semen parameters
of the subjects who reported for fertility treatment in major
reproductive health centers in the Lublin Province, Poland,
1992–2015
Semen parameter

r

p

Ejaculate volume [ml]

–0.037

0.459

Total sperm count [m]

–0.015

0.759

Sperm density [m/ml]

0.005

0.918

Sperm with progressive motility [%]

–0.071

0.153

Sperm with normal morphology [%]

0.024

0.637

Viable sperm [%]

–0.169

0.002*

* p < 0.05.
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Air pollution and semen parameters
Data analysis demonstrated a significant negative correlation between the atmospheric ozone levels in the
Lublin Province and the percentage of sperm with normal morphology in the men involved in the study in the
years 2010–2015 (r = –0.831, p = 0.040). No significant
correlations were found between other air pollutant levels
recorded in the region and other semen parameters in the
years 2000–2015 (p > 0.05) (Table 2).
DISCUSSION
Exposure to air pollution is the main cause of global
threats to the environment and to the human population,
and contributes to a range of adverse health outcomes,
also affecting reproductive health [7,9,14].
The present study demonstrated an increasing trend in
sperm density in the men first reporting for fertility treatment in the Lublin Province, and a decreasing trend in
the percentage of sperm with normal morphology. The
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Table 2. Correlations between chemical air pollutant levels and mean semen parameters of the subjects in the Lublin Province,
Poland, 2000–2015
Chemical air pollutant
[μg/m3]

Semen parameter

NO2

O3

SO2

PM10

r

p

r

p

r

p

r

p

Ejaculate volume [ml]

0.264

0.323

–0.416

0.109

0.016

0.954

0.358

0.190

Total sperm count [m]

0.311

0.240

–0.226

0.399

0.079

0.772

0.423

0.115

Sperm density [m/ml]

0.283

0.289

–0.220

0.413

0.216

0.422

0.476

0.071

Sperm with progressive motility [%]

0.054

0.843

–0.187

0.489

0.331

0.211

–0.093

0.741

Viable sperm [%]

0.369

0.160

–0.238

0.374

–0.199

0.460

0.425

0.113

2000–2009

–0.303

0.395

0.445

0.084

0.013

0.972

–0.513

0.158

2010–2015

0.795

0.059

–0.831

0.040*

0.423

0.104

0.219

0.677

Sperm with normal morphology [%]

* p < 0.05.

findings concerning sperm density are not consistent with
those reported by other Polish researchers, including Semczuk et al. [32] in the Lublin Province, and Pająk et al. [33]
and Olejek et al. [34] in Silesia (Poland). Olejek et al. [34]
performed a retrospective study, including 2116 men who
had not been previously treated for infertility. These authors, like those of the present study, found no clinically
significant changes in sperm motility [34]. The results reported by Semczuk et al. [32], Pająk et al. [33], and Olejek
et al. [34] suggested that the ejaculate volume of Polish
men tended to remain stable, which was not confirmed
by the present study. One potential cause of the different
findings may be the fact that Olejek et al. [34] mainly studied men from a highly industrialized urban area, while the
present study included more men from rural areas.
The present analysis of the mean percentages of sperm
with normal morphology showed a significantly decreasing
trend in the study period, in accordance with both the 1999
and 2010 versions of the WHO guidelines. Similar observations were reported by Semczuk et al. [32], and by Pająk
et al. [33], who found consistent decreases in the parameter,
while Olejek et al. [34] reported no changes in the subjects’

sperm morphology. This clearly suggests the need for ongoing monitoring of changes in sperm morphology in larger
groups, and if the decrease is confirmed, also the need to
search for a causative factor. A study concerning other regions in the world, performed by Carlsen et al. [20], demonstrated that semen quality has deteriorated considerably in
the last 50 years. The study was based on test results from
a number of countries, with nearly half of the data concerning the USA. This was continued by Swan et al. [35], who
reported a significant decrease in sperm density among the
confirmed fertile men in the USA, Europe, and Australia.
Mean sperm density was found to decrease by 1.5% annually in the USA, and by 3% annually in Europe and Australia,
which is a higher rate than that reported by Carlsen et al.
(approx. 1% annually) [20]. Data on the USA and Western
Europe are consistent, but reports on Eastern Europe are
scarce in the literature on this subject.
Particulate matter (PM) and ground-level ozone (O3) are
Europe’s most problematic pollutants in terms of causing harm to human health, followed by BaP (an indicator for polycyclic aromatic hydrocarbons [PAHs]) and
NO2 [4]. The present study demonstrated that exposure
IJOMEH 2019;32(3)
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to O3 in the air contributes to lower percentages of sperm
with normal morphology. The adverse impact of air pollution on semen quality was confirmed by Wu et al., who
reported a deterioration in sperm morphology with exposure to PM10 and SO2 [36]. In turn, Santi et al. only demonstrated an impact of PM10 on sperm morphology [37].
In another study, Jurewicz et al. demonstrated an association between exposure to PM2.5 and disomy Y, sex chromosome disomy and disomy of chromosome 21, while exposure
to PM10 was associated with disomy of chromosome 21 [10].
Radwan et al. [38] stated that PM2.5, PM10, CO, and NOx
had a detrimental impact on sperm morphology, whereas
Michniewicz et al. [39] found no correlation between exposure to NO2 or SO2 and a normal sperm percentage,
which is consistent with the present findings. Wu et al. [36]
demonstrated that exposure to NO2 and PM10 in the air
reduced sperm motility, while Santi et al. [37] found no
correlation between PM10 exposure and the percentage of
progressive sperm, which is in line with the present findings. Lower sperm motility resulting from exposure to air
pollutants was also described by De Rosa et al. [40], Guven et al. [41], Boggia et al. [42], and Calogero et al. [43],
though the authors did not analyze the impact of specific
chemicals present in the air.
The present study did not find evidence for the adverse
impact of air pollution on sperm density in the male patients first reporting for fertility treatment. This is consistent with the report by Santi et al. [36] who found no
association between PM10 and sperm count per 1 ml of
ejaculate, as opposed to Wu et al. [37] who claimed that
exposure to PM10 did reduce sperm density.
Published reports on the impact of air pollution on semen
quality are increasingly numerous, but the findings vary
greatly. This is certainly due to the differences in research
models, on the one hand, and to the presence of other harmful environmental factors in the areas where air pollutants
abound, on the other. The main contributors to air pollution
include the fuel and energy industry, and the metalworking
396
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industry, which are also sources of heavy metal, electromagnetic and heat emissions [44–46]. These factors also have an
adverse impact on semen quality. The isolation of specific
adverse factors in research models seems to be a difficult and
complex task, but the existing scientific reports are alarming
and certainly warrant further studies on the subject.
Excessive air pollution may impair the body’s antioxidant
defense systems. The antioxidant defense system of semen
includes enzymatic and non-enzymatic factors that interact to provide optimum protection against reactive oxygen
species (ROS) [18]. A deficiency of any of these factors
may reduce the overall antioxidant capacity. As ROS are
highly reactive, they quickly react with proteins, lipids and
nucleic acids, also initiating chain reactions, and induce
the formation of other free radical products. Oxidative
stress results in damage to cellular macromolecules, leading to dysfunction and, ultimately, to cell death [47,48].
Ozone is a strong oxidant, and ozone reactions produce
free radicals. The exact mechanism whereby ozone affects
spermatogenesis has not been fully understood yet. One
may expect it to be similar to that described by Khairallah
et al. [49] with regard to proteins in the lungs.
The intrinsic reactivity of ozone with proteins can be understood by first analyzing its reactions with deprotonated
cysteine [Cys-H](–) in the gas phase. The reaction, occurring near the collision limit, yields a variety of products, including cysteine sulfenate, sulfinate and sulfonate anions
formed by sequential oxygen atom abstractions, as well as
sulfenate radical anions produced by hydroperoxy radical
ejection. Electron transfer seems to be key to this reaction,
as the free-radical pathway only occurs in the presence of
both thiol and carboxylate moieties. The reaction also occurs in small cysteine containing peptides, which suggests
a potential association with ozone–protein reactions [49].
Whereas female fertility decreases over time, and ultimately
ceases, reports regarding an analogous process in men are
inconclusive. In the present study, no statistically significant
associations were found between age and sperm density or
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total sperm count. Only the percentage of viable sperm decreased with age. Johnson et al. performed a meta-analysis
summarizing the published results of 90 studies (which included 93 839 cases) [50]. The authors reported that sperm
density did not change with age, though ejaculate volume,
the percentage of normal sperm, and the percentage of
sperm with progressive motility indeed decreased, which is
in contrast to the present findings. This difference may be
due to the fact that the study by Johnson et al. [50] involved
a population of healthy men of various ages, rather than
predominantly middle-aged men with fertility problems.
The potential differences in either exposure to air pollutants
or living conditions, found between various countries, imply
that there are still no clear answers regarding the impact of
these factors on male fertility. However, this can be an indication of directions for further studies aimed at monitoring
the reproductive health of the population. In the future, such
studies may offer an opportunity to implement timely preventive actions with regard to exposure to harmful factors,
and to increase environmental awareness in the society.
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