
Ambient air pollutants and sperm quality in healthy Italian young men: a 
multicenter prospective cohort study with repeated measures

Valeria Aloisi a , Elisabetta Ceretti b,* , Danilo Zani c, Italo Epicoco a,d ,  
Gaia Claudia Viviana Viola b, Monica Marullo b, Francesco Donato b , Giovanni Aloisio a,d ,  
Stefano Lorenzetti e , Luigi Montano f , for the FASt study group
a Department of Engineering for Innovation, University of Salento, 73100, Lecce, Italy
b Unit of Hygiene, Epidemiology and Public Health, Department of Medical and Surgical Specialties, Radiological Sciences and Public Health, University of Brescia, 
25123, Brescia, Italy
c Unit of Urology, Department of Medical and Surgical Specialties, Radiological Sciences and Public Health, University of Brescia, 25123, Brescia, Italy
d CMCC Foundation - Euro-Mediterranean Center on Climate Change, 73100, Lecce, Italy
e Department of Food Safety, Nutrition and Veterinary Public Health, Italian National Institute of Health (ISS), 00161, Rome, Italy
f Andrology Unit and Service of Lifestyle Medicine in UroAndrology, Local Health Authority (ASL) Salerno, Coordination Unit of the Network for Environmental and 
Reproductive Health (EcoFoodFertility Project), “Oliveto Citra Hospital”, 84124, Salerno, Italy

A R T I C L E  I N F O

Keywords:
Air pollution
Male infertility
Multicenter study
PM2.5

PM10

NO2

O3

A B S T R A C T

Infertility is becoming a global public health issue, with male fertility declining worldwide in recent decades. 
Although air pollution is suspected to affect sperm quality, evidence is still controversial. The objective is to 
assess the potential relationship between air pollution and male infertility in healthy Italian young men, with a 
multicenter prospective cohort study. A sample of 345 males was enrolled in 2018–2019 in three polluted areas 
in North, Central, and South Italy. Participants received repeated examinations of semen quality parameters 
including sperm concentration, total and progressive motility, volume, and normal morphology. PM2.5, PM10, 
NO2, and O3 concentrations were used for estimating air pollution exposure during the 0–90, 0–9, 10–14, and 
70–90 days before each semen examination. Linear mixed-effects models with subject-specific random intercept 
were employed, considering several climatic and behavioral factors as potential confounders. A 1 μg/m3 increase 
in PM2.5 during the 10–14 days interval was linked to a 1.3 % rise in sperm concentration and count (95 % 
Confidence Intervals [CIs]: 0.5 %–2.2 %, 0.4 %–2.2 %), with covariates held unchanged. Similarly, a 1 μg/m3 

increase in PM10 during the same interval corresponded to 1.2 % and 1.1 % increases in sperm concentration and 
count, respectively (95 % CIs: 0.5 %–1.9 %, 0.3 %–2 %). Moreover, an increasing trend emerged in motility and 
normal morphology with increasing O3 exposure during the 0–90 and 70–90 days intervals. Due to the limited 
range of variability of outdoor air pollutants observed in this study, larger studies with a wider range of indi
vidual exposures are necessary to clarify air pollution’s impact on male infertility.

1. Introduction

A decrease in male fertility has been observed in last decades 
worldwide, as well as a decline in sperm concentration, sperm motility, 
and normal morphology (Mann et al., 2020; Agarwal et al., 2021). 
Although no definite cause of this phenomenon has been identified, it 
has been associated with adverse effects of various environmental fac
tors, particularly air pollution (Wdowiak et al., 2024).

Air pollution is the second largest risk factor of death worldwide and 
it caused about 8.1 billion total deaths in 2021 (Health Effects Institute, 
2024). It can determine a large burden of chronic diseases, such as 
endocrine and metabolic ones, and impairment of the reproductive 
function. A few studies suggest that air pollution may affect male 
reproductive health, although more data are needed to substantiate 
these findings (Kumar et al., 2021). Semen quality is strongly associated 
with male fertility, and semen analysis is considered essential to 
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investigate male infertility according to the World Health Organization 
(WHO) guidelines (World Health Organization WHO, 2021).

Several studies investigated the impact of air pollutants on sperm 
parameters in last decades: some of them, though not all, showed an 
association between ambient air levels of particulate and gaseous ma
terial and semen parameters. The summary measures of a recent meta- 
analysis showed that ambient air PM2.5 and PM10 exposures during 
the 0–90 days before each semen collection was inversely associated 
with total motility, whereas exposure to PM10 and SO2 was negatively 
associated with sperm concentration and total number (Xu et al., 2023). 
Moreover, no air pollutant, including PM2.5, PM10, O3 and SO2, was 
associated with progressive motility (Xu et al., 2023). However, another 
recent meta-analysis, including 21 Chinese studies, showed somewhat 
different results: PM2.5 and PM10 exposures were related with decreased 
total sperm number and total motility considering different lag days, 
NO2 exposure was related with reduced total sperm count but not with 
sperm motility, and SO2 exposure was associated with declined total 
motility and total sperm count (Liu et al., 2023). A large heterogeneity 
was found among the studies in both meta-analyses, with contradictory 
findings. Furthermore, all the considered studies were from China, and 
many of them were carried out on males of infertile couples or attending 
an infertility clinic, who cannot be considered representative of the 
general population. Additionally, most studies were based on one only 
semen sample for each participant, that does not allow to take account of 
the large within-subject variation of semen parameters (Keel, 2006; Xu 
et al., 2023). Therefore, given these controversial results among several 
studies, no definite conclusion on the possible negative effects of air 
pollutants on semen quality in humans can still be drawn.

The present study aims to investigate the relationship between 
exposure to ambient air pollutants and sperm parameters in 18-22-year- 
old healthy males of a South-Europe population.

2. Materials and methods

2.1. Study design

This prospective cohort study is part of the FASt (“Fertilità, Ambi
ente, alimentazione, STile di vita”) randomized controlled trial 
(ClinicalTrials.gov Protocol Registration and Results System; receipt 
release date: February 15, 2019; n. J59D1600132001) aimed to assess 
the impact of a diet and physical activity intervention on the sperm 
quality of healthy young males (Montano et al., 2022). Specifically, the 
male subjects resided in several municipalities located in the 
Brescia-Caffaro area (Lombardy region, Northern Italy), the Sacco River 
Valley (Lazio region, Central Italy), and the “Land of Fires” (Campania 
region, Southern Italy). The FASt study design has been detailed else
where (Montano et al., 2022). In brief, a cohort of high school and 
university students was enrolled in each area during the period from 
2018 to 2019 and randomized to an intervention or a control group. 
While the control group received only general advice according to 
Italian guidelines on healthy diet (Rossi et al., 2022; CREA, 2018), the 
intervention group participated in a 4-month lifestyle program, 
including personalized dietary counselling by an expert dietician, ac
cording to the Mediterranean diet principles.

The study was carried out in accordance with the Declaration of 
Helsinki and with the approval of the Ethic Committees of Brescia 
Province. The collection and analysis of data were performed according 
to the LD no. 196 of June 30, 2003 ″Personal Data Protection Code" and 
the new European Data Protection Regulation 2016/679 (EU).

2.2. Study population

Male students aged 18–22 from both university and high school 
courses were invited to participate. Since several factors have been 
found to reduce male fertility, including alcohol drinking, tobacco 
smoking, recreational drug use, and obesity (Agarwal et al., 2021; Wang 

et al., 2024; Keszthelyi et al., 2020), severe restriction rules were 
established for the candidate selection, to reduce the risk of confounding 
bias in the assessment of the effects of environmental factors on semen 
quality. According to the exclusion criteria, subjects underwent vari
cocele surgery in the previous 6 months, with regular (daily) use of 
alcohol, tobacco, drug, or medicine, history of cancer and chemo- or 
radiotherapy, with pathologies affecting the genital system, and those 
with body mass index (BMI) higher than 25 kg/m2 or waist circumfer
ence higher than 102 cm were not included in the study.

Subjects agreed voluntarily to participate in the study by signing an 
informed consent form. They underwent a urologic visit, semen sam
pling and fasting blood, and the measurement of weight, height, and 
abdominal circumference, at recruitment (baseline) and after 4 and 8 
months since the first visit (T0, T4, and T8, respectively). At each visit, 
the participants also filled in the “PREvención con DIeta MEDiterránea” 
(PREDIMED) questionnaire on adherence to the Mediterranean diet 
(Martínez-González et al., 2012) and the International Physical Activity 
Questionnaire (IPAQ) on physical activity (Hagströmer et al., 2006). 
Since physical activity and diet are conceivable confounders of the as
sociations between air pollutants and semen quality parameters, PRE
DIMED and IPAQ scores were included in multivariable analyses. The 
analysis of the blood sample consisted in the assay of common chem
icals, such as blood cell counts and characterization, fast glycaemia, 
protein levels, etc., for excluding subjects with diagnosis or suspicion of 
chronic disease.

2.3. Data sources

Suppl. Table 1 reports all the variables considered in the present 
study and their respective data sources. Data integration was performed 
using Python 3.8.2, leveraging data science, statistical, and visualization 
libraries, including Pandas, Xarray, NumPy, SciPy, Matplotlib, and 
Seaborn.

2.3.1. Semen collection and analysis
Each subject underwent a urologic visit for excluding those with 

testes anomalies, recent varicocele surgery and urogenital or other 
chronic diseases, according to the protocol, and provided a semen 
sample, at recruitment (baseline), after 4 months and after 8 months 
(T0, T4, and T8, respectively). Each semen sample was collected in a 
sterile container through masturbation, after 3–5 days of abstinence 
from sexual activity. A part of the semen sample (<50 μl) was processed 
immediately for the spermiogram, whereas the remaining sample was 
delivered to the laboratory for further analyses.

The semen samples were analyzed by expert urologists, in accor
dance with the WHO Laboratory Manual for the Examination and Pro
cessing of Human Semen (World Health Organization WHO, 2010), 
using a conventional microscope for optical evaluation (Bonraybio Co., 
LTD. Dali Dist., Taichung City, Taiwan). Sample volume, and concen
tration, total and progressive motility and normal morphology propor
tion of spermatozoa were measured as parameters of semen quality. 
Sperm count was calculated by multiplying sperm concentration by 
semen volume.

2.3.2. Air pollutants assessment
Publicly available data concerning the concentration levels of several 

air pollutants are supplied by the Copernicus Atmosphere Monitoring 
Service (CAMS), which presents different datasets, according to the 
monitored atmospheric variables. Specifically, the following six air 
pollutants were considered for data collection in the present study: 
carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3), particulate 
matter less than 10 μm (PM10), particulate matter less than 2.5 μm 
(PM2.5), and sulfur dioxide (SO2). The atmospheric concentration levels 
of these pollutants, expressed in μg/m3, were retrieved from the dataset 
named “CAMS European Air Quality Reanalysis (CAMS-EAQR)”. This 
dataset supplies gridded reanalysis data with hourly temporal resolution 

V. Aloisi et al.                                                                                                                                                                                                                                   Environmental Research 287 (2025) 123108 

2 

http://ClinicalTrials.gov


and European spatial coverage (CAMS-EAQR, 2024). Therefore, this 
dataset was exploited for retrieving the concentration levels of the 
aforementioned air pollutants from October 1st, 2017, to July 31st, 
2020, at a spatial resolution of 0.1◦ × 0.1◦ (approximately 10 km × 10 
km). Since the sperm development takes approximately 90 days (Huang 
et al., 2020; Sharma and Agarwal, 2011), we considered the concen
tration of atmospheric pollutants in the 90 days before semen collection, 
according to others (Ma et al., 2024; Wu et al., 2017; Liu et al., 2023; Xu 
et al., 2023).

Consequently, a data preprocessing procedure consisted in associ
ating with each subject the concentration of air pollutants referred to the 
specific municipality of residence, averaged over the 90 days before the 
date of recruitment and/or monitoring. Therefore, two steps were per
formed to achieve this goal.

First, since each municipality in Italy is identified by a code of the 
Italian National Institute of Statistics (ISTAT), this code, provided by 
young men at the recruitment, was associated with the related 
geographical coordinates (i.e., latitude and longitude). This made the 
mapping of the atmospheric pollutants for the specific municipality 
easier because CAMS-EAQR data are gridded on the European 
geographical domain. Specifically, the mapping between the ISTAT code 
and the corresponding geographical coordinates of the Italian munici
palities was obtained through an additional dataset (Italian Municipal
ities, 2024).

Second, a geographical mapping between each municipality and the 
closest grid-point in the air pollutants dataset was performed by 
comparing the latitude and longitude coordinates. Then, the daily 
average concentrations of air pollutants were obtained for these grid- 
points of interest from October 1st, 2017, to July 31st, 2020.

Hence, the mean value of air pollutants concentration computed over 
the 90 days prior to the semen collection was paired with each semen 
sample, by respecting the matching with the municipality of the subject. 
Similarly, for additional analyses, the average concentration of air pol
lutants was computed over three temporal windows (i.e., 0–9, 10–14, 
and 70–90 days prior to semen collection) representing three funda
mental stages of sperm development: epididymal storage, development 
of sperm motility, and spermatocytogenesis (Sharma and Agarwal, 
2011), since some studies found different impacts on semen parameters 
in different periods of spermiogenesis (Sun et al., 2020).

2.3.3. Climatic variables
Information concerning several climatic variables is publicly pro

vided by the Copernicus Climate Change Service (CCCS, 2024). Specif
ically, data regarding the temperature and the relative humidity at 2 m 
above the surface were retrieved from the dataset named “Agro
meteorological Indicators from 1979 to present derived from Reanalysis 
(CCDS-AIR)” (CCDS-AIR, 2024). This dataset provides daily gridded 
reanalysis data covering the whole globe with a spatial resolution of 
0.1◦ × 0.1◦ (approximately 10 km × 10 km).

In the present study the temperature and the relative humidity at 2 m 
above the surface were collected from October 1st, 2017, to July 31st, 
2020. This time frame derives from considering the sperm development 
period, aiming to associate each semen sample with the mean value over 
the 0–90 days interval prior to the collection. Therefore, also for the 
climatic variables, a geographical mapping between the municipality of 
each subject and the closest grid-point was performed by comparing the 
latitude and longitude coordinates. Thus, the average temperature and 
relative humidity were computed over the 0–90 days prior to each 
semen examination, as well as over the aforementioned three temporal 
windows, by respecting the municipality of residence for each partici
pant. Temperature data were converted from Kelvin degrees to Celsius 
ones.

2.4. Data preprocessing

An outlier detection procedure based on the Z-score method was 

applied to semen quality data to improve accuracy by filtering out 
anomalies that may result from measurement errors, data entry mis
takes, or unusual events. Then, data concerning air pollutants and cli
matic variables were properly integrated with semen quality ones, 
PREDIMED and IPAQ scores, thus constituting a unique dataset 
composed of 673 records referred to 345 subjects.

The data distribution of the collected variables was preliminarily 
assessed to select the suitable transformation for each variable before 
conducting the multivariate regression analyses. Specifically, as re
ported in Suppl. Table 1, a log-transformation was applied to several 
variables aiming at reducing or removing the asymmetry in their orig
inal distribution, whereas standardization was applied to address 
possible structural multicollinearity.

Moreover, as already done in a previous study conducted by some of 
us (Aloisi et al., 2022), two analyses (i.e., intra-group and inter-groups 
ones) were performed to choose the set of covariates for the multivar
iate regression models, to reduce data multicollinearity. Precisely, the 
collected variables were divided into the following three groups with 
respect to their characteristics: climatic variables, atmospheric pollut
ants, and health-related variables (see Suppl. Table 1). The Variance 
Inflation Factor (VIF) metric (Belsley et al., 2005) was exploited to 
evaluate the intra-group multicollinearity by considering a threshold of 
5. Therefore, for each group, only those variables that together assured a 
VIF <5 survived. Consequently, due to multicollinearity, only PM2.5, 
PM10, NO2, and O3 were retained from the group of atmospheric pol
lutants. Afterward, the multicollinearity among all the variables 
emerging from the intra-group phase was assessed by computing the VIF 
in the inter-groups phase (Aloisi et al., 2022). Thus, the following factors 
were chosen as covariates for the regression models: 2 m temperature, 2 
m relative humidity, IPAQ and PREDIMED scores, and an atmospheric 
pollutant chosen among PM2.5, PM10, NO2 and O3 in addition to the one 
selected as exposure, to assure a VIF less than 5, denoting the absence of 
multicollinearity. For example, when the average concentration of PM2.5 
in the 0–90 days temporal window was considered as exposure, the set of 
covariates also included NO2 and the largest VIF value was 2.6.

2.5. Statistical analysis

The characteristics of the participants and the descriptive statistics of 
all involved variables were computed on the whole dataset. The distri
bution of semen quality parameters was characterized by computing the 
median and the interquartile range (IQR) by quartile of air pollutants 
exposure.

Multivariate Linear Mixed Models (LMMs) with subject-specific 
random intercept were employed to evaluate the relationship between 
exposure to air pollutants (i.e., PM2.5, PM10, NO2, or O3 in turn) and the 
outcome variables (i.e., sperm concentration, sperm count, total 
motility, progressive motility, and morphologically normal counts) 
during the whole period and the aforementioned three stages of sper
miogenesis. Therefore, given four different pollutant exposures and five 
semen quality variables as outcomes, a total of 20 models were 
considered for each identified temporal window (0–90, 0–9, 10–14, and 
70–90 days). LMMs with subject-specific random intercept allow 
addressing potential correlations among examinations collected at T0, 
T4, and T8 from the same subject. The semen parameters assumed as 
outcomes were log-transformed to better approximate the normal dis
tribution, whereas no statistical transformations were applied to the 
specific air pollutant when considered as the exposure in turn. Since 
some studies found that seasonal factors, especially temperature and 
humidity, could influence semen parameters (Padmanabhan et al., 
2023; Pakmanesh et al., 2024; Santi et al., 2018), these variables were 
included in the models as covariates, as described in Section 2.4. 
Moreover, as a consequence of the multicollinearity analyses detailed in 
Section 2.4, all models were also adjusted for IPAQ and PREDIMED 
scores, as well as for potential confounding by other pollutants.

The estimated regression coefficients provide a measure of the 
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exposure-outcome relationship, where positive values suggesting an 
increase in semen quality parameters and negative ones indicating a 
decrease. A threshold of 0.05 on P-values was taken into account for 
statistical significance. Particularly, for each log-transformed outcome 
the results were expressed in terms of the estimated beta coefficients, 
with the corresponding 95 % Confidence Intervals (CIs), referred to a 
rise of 1 unit in the average concentration of the specific pollutant 
considered as exposure. Moreover, for better interpretability, statisti
cally significant beta coefficients can be exponentiated to obtain the 
relative decrease or increase (depending on whether it is less than 1 or 
not) in the considered semen quality variable referred to a 1 μg/m3 rise 
in the average pollutant exposure for each identified temporal window, 
holding all other covariates of the model constant. Furthermore, a False 
Discovery Rate (FDR) correction procedure (Benjamini and Hochberg, 
1995) was carried out to adjust for test multiplicity when several 
regression models were fitted depending on the different exposures and 
outcomes. The FDR correction allowed to compute the so-called 
q-values, which can be considered as adjusted p-values accounting for 
multiple tests. A threshold equal to 0.05 was set on q-values to control 
the FDR, hence a q-value below 0.05 indicates that the regression result 
is statistically significant, also considering multiple tests.

Exposure-response associations between PM2.5, PM10, NO2, O3 and 
each semen quality outcome were also assessed by categorizing the 
distribution of air pollutants into quartiles. In this case, the regression 
coefficients were estimated through the aforementioned multivariate 
LMMs by assuming the first quartile as the reference level. These models 
included the same set of covariates considered for the analyses with a 
continuous exposure and, also in this case, the semen quality outcomes 
were preliminarily log-transformed.

All the statistical analyses were performed through Python 3.8.2, 
exploiting the “Statsmodels” library.

3. Results

Data concerning 345 healthy young men, from 18 to 22 years old, 
with a total of 673 semen quality examinations were analyzed. As re
ported in Panel A of Fig. 1, most of the measures were referred to sub
jects belonging to the Brescia-Caffaro area, whereas 35.1 % and 14.1 % 
of examinations were associated to participants who resided in the 
“Land of Fires” and in the Sacco River Valley, respectively. Moreover, as 
shown in Panel B of Figs. 1, 32.2 % of the subjects had only the semen 
examination at the first visit (T0) (one measure), 40.6 % were also 
examined 4 months after the first visit (T4) (two measures), and 27.2 % 
received a further examination 8 months after the first one (T8) (three 
measures).

The characteristics and semen parameters of the subjects, as well as 
the descriptive statistics for air pollutants and climatic variables in the 

0–90 days temporal window, are shown in Table 1. The mean values of 
sperm concentration, semen volume, sperm count, total motility, pro
gressive motility, and normal morphology were 58.11 106/ml, 2.71 ml, 
147.59 x 106, 41.53 %, 28.13 % and 6.48 %, respectively. A high vari
ability was found in sperm parameters, with a few subjects showing total 
motility, progressive motility, or normal morphology equal to 0 %. 
Moreover, no statistically significant differences were observed in semen 
parameters across the three time points (T0, T4, and T8) in subjects with 
three semen examinations (Suppl. Table 2). Among the air pollutants, 
the mean levels of PM2.5, PM10, NO2, O3, CO and SO2 were 17.58, 22.77, 
21.14, 50.89, 251.92 and 1.45 μg/m3, respectively. PM2.5, PM10, and 
NO2 mean concentrations were above the WHO annual reference levels 
(WHO, 2024), whereas the O3 annual mean level was not comparable 
with the WHO reference values for peak seasons. Although the WHO 
provides only daily reference levels for CO and SO2 (4 mg/m3 and 40 
μg/m3, respectively (WHO, 2024)), CO and SO2 mean concentrations 
observed in the present study appeared to be low. Consequently, only 
the relationships between ambient air levels of PM2.5, PM10, NO2 and O3 
and sperm parameters were assessed. Furthermore, based on the pre
liminary multicollinearity analyses described in Section 2.4, CO and SO2 
were not retained from the group of atmospheric pollutants, as the 
intra-group VIF values exceeded the threshold of 5. Therefore, CO and 
SO2 were not even included as covariates in the multivariate regression 
models.

Overall, a considerable proportion of subjects had sperm parameters 
lower than the WHO 2021 reference values, from 13 % for volume to 
45.8 % for total motility (Suppl. Table 3).

The descriptive statistics for air pollutants and climatic variables 
during the temporal windows corresponding to the three considered 
stages of sperm development are reported in Suppl. Table 4.

Table 2 presents the medians and the interquartile ranges of the 
semen parameters by quartile of distribution of PM2.5, PM10, NO2 and O3 
in the 0–90 days temporal window, as well as the regression coefficients 
estimated through the multivariate LMMs with subject-specific random 
intercept. Due to multicollinearity among air pollutants, when O3 or 
NO2 were assumed as exposure in turn, the corresponding regression 
models also included PM2.5 as a covariate. Instead, the regression 
models with PM2.5 or PM10 as exposure were adjusted for NO2 as a co
variate. Temperature, relative humidity, IPAQ and PREDIMED scores 
were included in all the models as covariates. For PM2.5 exposure, a 
positive association was found with sperm concentration and count, 
whereas a negative association emerged with progressive motility and 
normal morphology. These results appeared not statistically significant 
after applying the FDR correction, although the corresponding q-values 
were close to the threshold for true associations. A similar positive as
sociation was found for PM10 exposure with sperm concentration and 
count. No association was evident for NO2, whereas positive associations 

Fig. 1. Pie charts. Panel A shows the percentage of semen quality examinations according to the three considered areas where male participants resided. Panel B 
illustrates the percentage of male subjects according to the number of semen quality examinations they underwent (i.e., one measure collected at the recruitment T0, 
two measures sampled at T0 and T4, and three measures extracted at T0, T4, and T8, respectively).
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which were statistically significant with FDR correction resulted for O3 
exposure with total and progressive motility, as well as with normal 
morphology. Hence, a 1 μg/m3 increase in the O3 average concentration 
during the 90 days before semen examination was linked to a 1 %, 0.8 %, 
0.8 % increase in total motility, progressive motility, and normal 
morphology (95 % CIs: 0.5 %–1.5 %, 0.2 %–1.4, 0.4 %–1.2 %), 

respectively, holding all other covariates of the model constant.
Figs. 2–5 show the estimated changes in sperm parameters (in terms 

of regression coefficients with 95 % CIs) according to quartiles of PM2.5, 
PM10, NO2 and O3 in the 0–90 days temporal window, resulting from the 
regression analyses performed considering categorical exposures. 
Although the estimated coefficients for most of PM2.5 and PM10 quartiles 

Table 1 
Characteristics and semen parameters of 345 Italian healthy young men with a total of 673 semen quality examinations, and the descriptive statistics for air pollutants, 
temperature, and relative humidity during 0–90 days before semen collection.

Mean SD Min 25 % 50 % 75 % IQR Max

Subjects’ characteristics ​ ​ ​ ​ ​ ​ ​ ​
Age (years) 19.22 1.38 18 18 19 20 2 22
IPAQ score (METs) 2962.90 2773.45 0.00 1075.00 2280.00 4055.00 2980.00 19800.00
PREDIMED score 7.76 2.37 1.00 6.00 8.00 9.00 3.00 14.00

Semen parameters ​ ​ ​ ​ ​ ​ ​ ​
Sperm concentration (106/ml) 58.11 37.68 0.10 27.00 53.20 83.40 56.40 180.00
Semen volume (ml) 2.71 1.31 0.50 2.00 2.50 3.20 1.20 10.00
Sperm count (106) 147.59 108.45 0.26 60.00 125.40 204.00 144.00 558.40
Total motility (%) 41.53 21.22 0.00 26.00 45.00 55.00 29.00 94.00
Progressive motility (%) 28.13 17.91 0.00 12.00 30.00 40.00 28.00 75.00
Spermatozoa with normal morphology (%) 6.48 3.78 0.00 4.00 6.00 9.00 5.00 20.00

Lag 0–90 day ambient air pollutants ​ ​ ​ ​ ​ ​ ​ ​
PM2.5 (μg/m3) 17.58 7.60 6.26 12.26 15.17 19.24 6.98 44.23
PM10 (μg/m3) 22.77 8.02 7.85 17.56 20.62 25.34 7.78 50.51
NO2 (μg/m3) 21.14 7.86 2.95 15.68 19.68 26.54 10.86 42.48
O3 (μg/m3) 50.89 19.19 8.98 38.76 52.39 64.38 25.62 93.97
CO (μg/m3) 251.92 73.85 122.61 200.90 234.58 278.27 77.37 485.12
SO2 (μg/m3) 1.45 0.65 0.15 0.99 1.34 1.87 0.88 2.97

Lag 0–90 day ambient air parameters ​ ​ ​ ​ ​ ​ ​ ​
Temperature (◦C) 14.77 6.44 − 3.78 9.51 14.81 20.45 10.94 25.52
Relative Humidity (%) 69.26 5.50 55.98 65.26 69.68 73.83 8.57 81.33

IPAQ = International Physical Activity Questionnaire, PREDIMED = “PREvención con DIeta MEDiterránea” questionnaire, METs = Metabolic Equivalent of Tasks, SD 
= Standard Deviation, IQR = interquartile range.

Table 2 
Median (interquartile range) of semen parameters by quartile of distribution of ambient air pollutants during 0–90 days before semen collection and the estimated 
regression coefficients along with 95 % confidence intervals, p-values, and the corresponding q-values.

Quartile of air pollutant distribution β (95 % CI) a p-value q-value b

Q1 Q2 Q3 Q4

PM2.5 (μg/m3) 6.26–12.26 12.26–15.18 15.18–19.24 19.24–44.2 ​ ​ ​

Sperm concentration (106/ml) 48.9 (46) 40 (49) 62.1 (60.28) 66.55 (61.25) 0.017 (0.003, 0.03) 0.014 0.06
Sperm count (106) 110.4 (144.6) 95.85 (125.2) 137.35 (155.71) 163.14 (156.34) 0.017 (0.002, 0.031) 0.028 0.07
Total motility (%) 45 (35) 45 (40) 49 (25) 40.5 (25) − 0.005 (– 0.017, 0.007) 0.445 0.524
Progressive motility (%) 25 (28) 30 (35) 33 (25) 26 (25.25) − 0.018 (– 0.033, – 0.003) 0.016 0.06
Spermatozoa with normal morphology (%) 6 (6) 6 (5.25) 6 (6) 5 (5.25) − 0.011 (– 0.020, – 0.002) 0.022 0.063

PM10 (μg/m3) 7.85–17.56 17.56–20.62 20.62–25.34 25.34–50.51 ​ ​ ​
Sperm concentration (106/ml) 48.9 (46.725) 46 (55.9) 52.95 (58.4) 64.6 (55.7) 0.015 (0.003, 0.03) 0.018 0.06
Sperm count (106) 110 (137.33) 105 (148.3) 136.5 (148.81) 157.5 (152.68) 0.015 (0.001, 0.029) 0.039 0.087
Total motility (%) 45 (33.75) 43 (37) 50 (29) 40 (25.75) − 0.001 (– 0.013, 0.011) 0.860 0.860
Progressive motility (%) 25 (30) 28 (29) 35 (25) 25.5 (25.75) − 0.013 (– 0.028, 0.001) 0.069 0.138
Spermatozoa with normal morphology (%) 6 (6) 6 (5.5) 6 (6) 5 (5.75) − 0.008 (– 0.016, 0.001) 0.095 0.158

NO2 (μg/m3) 2.95–15.68 15.68–19.68 19.68–26.54 26.54–42.48 ​ ​ ​
Sperm concentration (106/ml) 52.5 (58) 54.8 (56) 51 (45.7) 58.05 (68.65) − 0.010 (– 0.025, 0.004) 0.165 0.24
Sperm count (106) 128 (153) 121.9 (150.6) 120.4 (133.1) 126.45 (138.04) − 0.014 (– 0.030, 0.002) 0.082 0.149
Total motility (%) 43 (25) 46 (34) 48 (30) 41 (29.75) − 0.007 (– 0.021, 0.006) 0.283 0.354
Progressive motility (%) 28 (28) 30 (26) 31 (28) 28 (29.75) 0.004 (– 0.013, 0.021) 0.637 0.671
Spermatozoa with normal morphology (%) 5 (5) 6 (6) 6 (5) 5 (6) − 0.007 (– 0.018, 0.003) 0.170 0.24

O3 (μg/m3) 8.98–38.76 38.76–52.39 52.39–64.38 64.38–93.97 ​ ​ ​
Sperm concentration (106/ml) 58 (65.3) 53 (51.32) 51 (53.25) 52.25 (56.93) 0.002 (– 0.003, 0.007) 0.475 0.528
Sperm count (106) 127 (130.2) 120 (157.94) 123 (141.5) 133.4 (141.98) 0.004 (– 0.002, 0.009) 0.197 0.263
Total motility (%) 39 (29) 40.5 (37.5) 51 (30) 45 (24.5) 0.010 (0.005, 0.015) 0.00006 0.0006
Progressive motility (%) 25 (26) 25 (33.25) 35 (30) 31 (24.5) 0.008 (0.002, 0.014) 0.013 0.06
Spermatozoa with normal morphology (%) 4 (5) 6 (7) 6.5 (6) 6 (6) 0.008 (0.004, 0.012) 0.00004 0.0006

a Linear mixed-effects models with subject-specific random intercept, including average temperature and relative humidity, and IPAQ and PREDIMED scores as 
covariates, and the natural logarithm of sperm parameters as dependent variable. The regression coefficients were estimated after removing zero values for some 
outcomes (10 records for total motility, 32 records for progressive motility, and 19 records for morphology).

b False discovery rate correction for multiple testing. A q-value <0.05 suggests that the result is indicative of a true association.
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were not statistically significant, an upward trend in sperm concentra
tion and count with increasing PM2.5 and PM10 levels was observed, 
whereas total motility, progressive motility, and normal morphology 
seemed to decrease, especially at the highest quartile of exposure (Figs. 2 
and 3). These results are similar to those obtained from the analyses with 
PM2.5 and PM10 considered as continuous exposures. For NO2, a trend of 
decline in sperm concentration and count was detected (Fig. 4). 
Regarding O3 exposure, a statistically significant increasing trend was 
found in total motility, progressive motility, and normal morphology as 
O3 concentration increased, with a decline or steady state at the highest 
quartile of the exposure (Fig. 5).

The results of the exposure-outcome analyses for the temporal win
dows corresponding to the three considered stages of sperm 

development were reported in Tables 5–8 of the Supplementary Mate
rial. Specifically, these tables report the medians and the interquartile 
ranges of semen quality parameters by quartile of ambient air pollutants 
during the aforementioned periods, as well as the estimated regression 
coefficients along with 95 % CIs, p-values and the corresponding q- 
values. The analyses on the three temporal windows substantially 
confirmed the results of the analysis conducted on the whole period of 
spermiogenesis. Indeed, considering PM2.5 exposure (Suppl. Table 5), 
the statistically significant positive associations with sperm concentra
tion and count, as well as the negative association with progressive 
motility, detected on the whole period, were also found considering the 
0–9 and 10–14 days intervals. Moreover, a negative association with 
normal morphology was observed considering the 0–9 days temporal 

Fig. 2. Estimated changes in sperm parameters with 95 % CIs (blue error bars) according to quartile of PM2.5 exposure during 0–90 days before semen examination, 
using multivariate LMMs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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window, whereas no association was observed with sperm parameters 
for PM2.5 in 70–90 days interval. Furthermore, the positive association 
of PM2.5 with sperm concentration and count resulted statistically sig
nificant for 10–14 days lag, also after applying the FDR correction. This 
result was observed when considering PM10 as exposure as well (Suppl. 
Table 6). Therefore, a 1 μg/m3 increase in the PM2.5 average concen
tration during the 10–14 days interval was linked to a 1.3 % increase in 
the sperm concentration and count (95 % CIs: 0.5 %–2.2 %, 0.4 %–2.2 
%), by keeping the covariates unchanged. Similarly, for a 1 μg/m3 rise in 
the average PM10 during the 10–14 days interval, the estimated increase 
in sperm concentration and count was equal to 1.2 % and 1.1 %, 
respectively (95 % CIs: 0.5 %–1.9 %, 0.3 %–2 %). Regarding NO2 
exposure, a reduction in sperm concentration and count was observed 

only for the 10–14 days temporal window (Suppl. Table 7). In addition, a 
positive association with normal morphology resulted for O3 during all 
the three considered temporal windows. Finally, after FDR correction 
procedure, a statistically significant increasing trend emerged in sperm 
motility and normal morphology with increasing O3 concentration 
during the 70–90 days interval (Suppl. Table 8).

4. Discussion

In the present study we found some direct and some inverse re
lationships between the concentration of ambient air pollutants during 
the 0–90 days before biological sampling and semen parameters in 
healthy young men living in Italian areas at different ambient air 

Fig. 3. Estimated changes in sperm parameters with 95 % CIs (blue error bars) according to quartile of PM10 exposure during 0–90 days before semen examination, 
using multivariate LMMs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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pollution levels, taking account of temperature, humidity, and individ
ual characteristics. Similar results were shown when considering three 
exposure temporal windows (0–9, 10–14, and 70–90 days before semen 
examination) that are related to various phases of spermatogenesis and 
sperm motility development (Sharma and Agarwal, 2011).

Our results agree with those of another recent Italian study that 
found a trend of increasing total sperm count with increasing PM10 and 
PM2.5 levels, and no association with the other sperm parameters (Santi 
et al., 2018). Similarly, exposure to ambient PM2.5 levels was signifi
cantly associated with an increased sperm concentration and a 
decreased sperm normal morphology, after adjusting for several po
tential confounders, in a cross-sectional study on a large sample of 
participants in Taiwan (Lao et al., 2018). An analysis on 1494 infertile 

men in the main urban area in Wenzhou, China, found a negative as
sociation of PM exposure with sperm motility and positive associations 
with sperm concentration and total sperm number (Dai et al., 2023). 
Other Chinese and USA studies showed mixed results, with both adverse 
and protective effects or no effect of air pollutants on sperm parameters 
(Zhang et al., 2023; Zhou et al., 2018; Hansen et al., 2010; Nobles et al., 
2018). On the contrary, some studies showed an inverse relationship 
between air pollutants and sperm parameters according to two recent 
systematic reviews, although a high heterogeneity among the studies 
and inconsistent results regarding the specific sperm parameter and the 
involved air pollutant were observed (Liu et al., 2023; Xu et al., 2023).

No clear explanation exists for these discrepancies. Differences in the 
study design, the subjects enrolled, the climate and other ambient 

Fig. 4. Estimated changes in sperm parameters with 95 % CIs (blue error bars) according to quartile of NO2 exposure during 0–90 days before semen examination, 
using multivariate LMMs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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conditions, the spatial resolution of exposure assessment, the type and 
concentration of air pollutants and confounding by various factors have 
been considered responsible for the lack of consistency across studies 
(Liu et al., 2023; Xu et al., 2023; Ma et al., 2019).

Some evidence from in vitro, animal, and biomolecular studies 
supports the hypothesis of negative effects of air pollutants on human 
sperm quality, including disruption of the integrity of the blood-testis 
barrier by excessive reactive oxygen species (Zhang et al., 2018, 2020; 
Zhou et al., 2021; Wei et al., 2018).

The observed complex and sometimes contradictory associations 
between air pollutants and semen parameters underscore the multifac
torial nature of reproductive toxicity. While certain pollutants appear to 
exert detrimental effects at higher concentrations, others may show no 

association or even paradoxical trends at lower exposures, possibly due 
to adaptive or compensatory physiological mechanisms (Lao et al., 
2018; Dai et al., 2023; Tomei et al., 2009). It is also plausible that 
different pollutants target distinct biological pathways involved in 
spermatogenesis, sperm maturation, and function, resulting in hetero
geneous effects across semen parameters (Santi et al., 2018; Zhang et al., 
2023). Additionally, inter-individual variability in susceptibility, influ
enced by genetic polymorphisms, lifestyle factors, or environmental 
modifiers, may further obscure clear dose-response relationships (Wu 
et al., 2017; Kumar and Singh, 2018). These complexities highlight the 
importance of interpreting findings within a broader biological and 
environmental context, considering the cumulative and potentially 
interactive effects of multiple pollutants and stressors over time (Xu 

Fig. 5. Estimated changes in sperm parameters with 95 % CIs (blue error bars) according to quartile of O3 exposure during 0–90 days before semen examination, 
using multivariate LMMs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

V. Aloisi et al.                                                                                                                                                                                                                                   Environmental Research 287 (2025) 123108 

9 



et al., 2023; Liu et al., 2023; Takalani et al., 2023).
However, should air pollution really cause detrimental effects on 

sperm quality in humans, a dose-effect relationship is expected. Indeed, 
the levels of air pollutants showed a wide variability across studies with 
various Chinese ones finding non-linear, U-, inverted-U-, inverted J- or 
S-shaped relationships between air pollutants and sperm parameters 
(Huang et al., 2020; Wang et al., 2023; Wu et al., 2017; Zhang et al., 
2023). Taken together, these analyses showed: i) a steady or increasing 
trend of sperm parameters passing from “low” to “medium” levels of 
PM2.5 (around 40 μg/m3) or PM10 (around 100 μg/m3), and ii) a 
downward trend passing from “medium” to “high” or “very high” values 
of PM2.5 (between 60 and 100 μg/m3) or PM10 (between 150 and 200 
μg/m3), considering the 0–90 days temporal window (Huang et al., 
2020; Wang et al., 2023; Wu et al., 2017). Similar trends were observed 
for other pollutants, such as NO2 and O3 (Zhang et al., 2023). A possible 
explanation for the “paradoxical” improvement of sperm parameters for 
exposure to relatively “low” levels of air pollutants, observed in various 
studies, is that these “low” exposures might increase the levels of 
follicle-stimulating hormone and luteinizing hormone, thus improving 
sperm parameters as a compensatory phenomenon (Lao et al., 2018; Dai 
et al., 2023; Tomei et al., 2009).

On the other hand, there is consistent evidence that “high” or “very 
high” levels of air pollutants can determine negative effects on sperm 
count, concentration, or motility. Therefore, the lack of evidence of 
detrimental effects of air pollutants on sperm quality seen in ours and 
other studies may be due to the lack of subjects exposed to sufficiently 
high levels of air pollutants. Indeed, most studies that did not identify 
associations between air pollutant levels and sperm quality, including 
ours, were carried out among populations at relatively low average 
concentration of PM2.5, PM10, SO2 and other chemicals (Hansen et al., 
2010; Nobles et al., 2018; present study). The young age of participants 
(mean age of 19 years) in the present study could also have played a role, 
as the reduced damage by air pollutants might be due to higher efficacy 
of the defense mechanisms against oxidative stress in the young in
dividuals compared to older people. Of note, a Chinese study among 
college students with a mean age of 20 years at the baseline found mixed 
or negative results on the associations between exposure to PM10, 
PM10-2.5, and PM2.5 and semen parameters (Zhou et al., 2018).

The composition of ambient air pollution is another matter of debate 
since substantial spatiotemporal heterogeneity of PM2.5 has been found 
also among Chinese urban areas (Yang et al., 2023). Although several 
negative effects of ambient air levels of PM2.5 and PM10 on human or
gans and systems have been found, the chemical composition of par
ticulate is important too. It is noteworthy that SO2, which was the main 
determinant of the negative impact of air pollution exposure on sperm 
parameters in some Chinese studies (Zhang et al., 2023), is very low in 
Italy, because coal and other fuels that contain high levels of this 
chemical are not commonly used in Italy (European Environment 
Agency, 2024a; European Environment Agency, 2024b). This shift from 
high-sulfur fuels towards cleaner energy sources, such as natural gas and 
renewables, is mainly due to stricter environmental policies and regu
lations adopted in the recent years by European authorities to reduce air 
pollution and greenhouse gas emissions (Ministry of Economic Devel
opment, 2019).

Nevertheless, various studies conducted in areas with different 
environmental pressure and during periods of the year with varying 
levels of air pollution showed alterations in seminal biomolecular pa
rameters other than standard semen parameters, including: sperm 
chromatin damage, mitochondrial DNA damage, alterations in the 
protamine-to-histone ratio, epigenetic alterations, abnormal sperm 
telomere length and sperm DNA fragmentation (Bosco et al., 2018; 
Ferrero et al., 2024; Lettieri et al., 2020; Montano et al., 2018; Rubes 
et al., 2021; Vecoli et al., 2017). Oxidative stress with increased pro
duction of reactive oxygen species (ROS) is usually considered the 
mechanism for biological damage by air pollution, although specific 
toxicity by single pollutants and by their mixture could also contribute 

(Takalani et al., 2023; Kumar and Singh, 2018; Jenardhanan et al., 2016; 
Bergamo et al., 2016). Overall, these findings suggest that seminal fluid 
may be a sensitive marker for monitoring the biological, subclinical 
effects of air pollution.

The present study has various strengths. First, strict criteria were 
used for subject selection. Many factors can influence semen quality, 
particularly age, overweight/obesity, lifestyle, working activity, exis
tence of chronic diseases and consumption of medicine, which might 
confound or modify the exposure-outcome association. As a conse
quence, only normal-weight healthy boys who avoided the habitual 
consumption of tobacco, alcohol, or drugs were enrolled. Second, the 
estimates of effect were also adjusted for various potential confounders 
such as temperature and humidity, as well as for diet and physical ac
tivity, by including these variables in the multivariate analyses. The 
subjects’ dietary habits were also assessed in detail by using an inter
nationally validated food-frequency questionnaire, but no association 
between dietary patterns and sperm quality was found, as reported 
elsewhere (Montano et al., 2022), and therefore were not included in 
multivariate models. Third, the current study was built on a thorough 
methodological process that involved multiple stages: the outlier 
detection operation, the preliminary assessment of data distribution, the 
multicollinearity analysis for minimizing potential collinearity among 
the collected variables, the FDR correction procedure to account for test 
multiplicity, and the use of repeated measurements of semen parameters 
for most participants (67.8 %), thus taking account of within-subject 
variability. Furthermore, the sampled semen parameters included the 
percentage of morphologically normal spermatozoa, which usually 
represents a missing variable in similar studies. Additionally, a positive 
aspect concerns the fact that the present study is not focused only on a 
single geographical region, but the participants were recruited from 
three different Italian areas with different ambient air pollution levels 
and air composition.

The current study presents the limitation of the lack of individual 
measurements for other factors that may influence sperm quality, 
especially indoor exposure. Indeed, although we accounted for several 
potential confounders in the study design and data analysis, residual or 
unmeasured confounding might still be present. Moreover, ambient 
pollutant exposures were used as a proxy for individual exposures, 
which may result in misclassifying exposure due to lack of information 
concerning indoor pollutant levels or participants’ activity patterns (Wu 
et al., 2017). Nevertheless, previous studies have suggested that expo
sure to ambient pollutant is an acceptable surrogate for exposures to 
individuals in most populations (Wu et al., 2017). A second weakness is 
the limited number of enrolled subjects, although the collection of 
repeated measures allowed increasing the study power considerably, 
when also considering the relatively wide range of ambient air pollutant 
levels in the different areas and seasons.

In conclusion, these findings do not provide a strong support to the 
hypothesis that exposure to fair levels of ambient air pollutants during 
the period of sperm development can negatively influence sperm quality 
in healthy young men. Larger scale multi-center studies with data on 
individual indoor exposures to air pollutants across a wider range of 
concentration levels, and possibly evaluating molecular alterations, 
from genomic and nuclear epigenomic integrity to mitochondrial 
integrity, are needed to fully investigate the potential adverse effects of 
air pollution on male infertility.
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