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Abstract

Air pollution has become a global concern and may be hazardous to human reproductive capacity, but the impact of exposure to
air pollutants on semen quality remains controversial. We performed the meta-analysis to examine the association between air
pollution exposure and semen quality. We searched PubMed, Web of Science Core Collection, and Cochrane Library databases
(before December 2019). We selected original epidemiological studies on humans, written and published in English, that
provided quantitative information to determine the associations between air pollution and sperm parameters. A random-effects
model was used when the pooled effect estimates were found to be heterogeneous (I2 > 50% or P < 0.05), otherwise, a fixed-
effects model was applied. Publication bias was not evaluated for less than 10 included articles. Our meta-analysis showed that
the standardised mean differences (SMDs) (95% confidence interval, 95% CI) of sperm concentration, sperm count, and sperm
total motility were —0.17 (—0.20, —0.13), —0.05 (—0.08, —0.02), and —0.33 (—0.54, —0.11), respectively. However, exposure to air
pollution was not related to sperm progressive motility (SMD = 0.00, 95% CI: —0.13, 0.12). The results indicated that exposure to
air pollutants at a higher level was associated with impaired semen quality, including declined sperm concentration, reduced
sperm count, and declined total motility. The results suggested that high level of air pollution exposure had a negative effect on
semen quality. Improvement of air quality is important for enhancing semen quality.
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Introduction world (Inhorn and Patrizio 2015; Salas-Huetos et al. 2021).

Male factors are responsible for approximately 40% of infer-

In recent decades, infertility has become a major clinical con-
cern and a threat to public health (Salas-Huetos et al. 2017),
affecting about 15% of reproductive age couples across the
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tility cases (Legare et al. 2014). In the case of male infertility, a
gradual decrease in sperm parameters, particularly of sperm
count, had been reported (Organisation 1999; Salas-Huetos
et al. 2018; World Health Organization 2010).
Epidemiological evidence revealed that a remarkable decreas-
ing trend was observed in the semen quality over the past
decades (John Aitken 2013; Sengupta et al. 2018), including
the declined sperm count (Jensen et al. 2002), poor sperm
motility, and low sperm concentration (Almeida et al. 2017).
These data suggested that there was a significant decrease in
male fertility rates and reproductive health associating with
impaired semen quality (Skakkebaek et al. 2006; Travison
et al. 2007).

Currently, the causes of suboptimal semen quality are un-
clear, and a variety of physiological, environmental, and ge-
netic factors may have a negative effect on male infertility by
contributing to the deterioration of semen quality (Bonde
2013; Jungwirth et al. 2012; Jurewicz et al. 2014). Air
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pollution, environmental endocrine-disrupting chemicals,
smoking cigarettes, alcohol intake, illicit drugs, obesity, and
stress have been considered risk factors for the decrease in
semen quality (Durairajanayagam 2018; Hammoud et al.
2010; Mendiola et al. 2014; Salas-Huetos et al. 2021). Air
pollution has gained more interest owing to its deleterious
health effects in humans (Beelen et al. 2014; Fathi Najafi
et al. 2015; Jurewicz et al. 2018). Accumulating evidence
indicated that ambient air pollutants played a pivotal role in
impairing male reproductive system, including hormonal level
changes, testosterone disturbances, and semen quality alter-
ation (Huang et al. 2020; Tian et al. 2017).

Recent studies investigated the association between ambi-
ent air pollutant exposure and semen quality. Sun, S. et al.
2020 assessed the exposure to ambient particulate matter
<10 micrometres (1m) in aerodynamic diameter (PM10), ni-
trogen dioxide (NO,), sulphur dioxide (SO,), and ozone (O3)
(Sun et al. 2020) and identified that exposure to PM10 was
associated with declined sperm concentration, sperm count,
total motility, and progressive motility during
spermatocytogenesis period in China. A study conducted in
Salt Lake City showed that exposure to ambient particulate
matter having a median diameter of 2.5 um or less (PM2.5)
for 2 months was negatively correlated to sperm motility
(Hammoud et al. 2010). On the contrary, Hansen, C. et al.
2010 performed a cohort study and indicated that no statisti-
cally significant decrement in sperm outcomes was observed
in fertile men under exposure to PM2.5 (Hansen et al. 2010).
Among the results of previous studies examining the relation-
ship between nitrogen oxide (NOx) exposure and semen qual-
ity, a negative association of NOx with sperm count was ob-
served (Cannarella et al. 2019). However, a study conducted
in the Czech Republic suggested that exposure to NOx was
not related to sperm concentration, motility, or sperm count
except sperm morphology (Selevan et al. 2000). These con-
troversial associations are commonly attributed to limitations
of human studies, such as specific populations and confound-
ing factors. In addition, exposure to air pollution had detri-
mental effects on semen quality in animal models (Yang et al.
2019; Zhou et al. 2019), suggesting damage to male fertility.
For example, high concentration of PM2.5 exposure impaired
mice sperm concentration, motility, and morphology, and the
decline in testosterone concentration and alteration of testos-
terone biosynthesis process mediated the results (Yang et al.
2019). Human and animal studies highlight the necessity of
new, updated meta-analysis to provide a wide-ranging vision
of the field and create a consensus on the topic.

In this meta-analysis, we aimed to summarise the high-
quality evidence from published human observational studies
of the effect of ambient air pollution on semen quality param-
eters, including sperm concentration, sperm count, total mo-
tility, and progressive motility.

Material and methods
Search strategy

We conducted a systematic search of the literature concerning
exposure to air pollution and semen quality. We searched
PubMed, Web of Science Core Collection, and Cochrane
Library databases (before December 2019).

The following search terms were used to retrieve relevant
articles:

#1: (air pollution) OR (particulate matter) OR (air pollut-
ants) OR (suspended particulates) OR (fine particles) OR (am-
bient fine particulate matter) OR PM2.5 OR PM10 OR (par-
ticle concentration) OR (gaseous pollutants) OR (sulfur diox-
ide) OR (nitrogen dioxide) OR ozone OR (carbon monoxide)
OR smog

#2: (semen quality) OR (sperm quality) OR (sperm count)
OR (sperm motility) OR (sperm morphology) OR (normal
morphology) OR (sperm volume) OR (sperm concentration)
OR (semen concentration) OR (total sperm number) OR
(sperm viability) OR (sperm vigour) OR (sperm progressive
motility) OR (total motility)

#3: #1 and #2

Two independent reviewers examined the titles and ab-
stracts identified by electronic searches to select potentially
relevant studies.

Inclusion and exclusion criteria

Only articles written in English were included. Articles were
considered for inclusion in the current meta-analysis if (1)
they were epidemiological studies on humans providing the
quantitative information to determine the associations be-
tween the air pollution and sperm parameters and if (2) they
presented the mean and standard deviation (SD) of the sperm
parameters.

The exclusion criteria were as follows: (1) studies that did
not investigate the association between air pollution and se-
men quality were excluded after the preliminarily
prescreening. (2) When the articles focused on the animal
assays or concentrated on mechanism research, they would
be excluded. (3) If the study was not an original one, such as
a review, a report, or a comment, it would be excluded.

Data extraction

All data were extracted by two independent investigators. For
the eligible articles, the recorded date included a full descrip-
tion of study characteristics: the first author, publication year,
location studied, design of studies, sample size, age of the
population studied, the air pollutants, effect size, and the main
conclusion. We also extracted the mean and SD of the sperm
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parameters exposed by the highest and the lowest levels of air
pollution in the included articles.

Quality assessment

The quality of the included studies was evaluated by the
Newcastle—Ottawa Scale for cohort studies, while the adapted
form of the Newcastle-Ottawa Scale for cross-sectional stud-
ies (He et al. 2017; Herzog et al. 2013). We considered the
following items: the selection, the comparability, and the out-
come of the study.

Statistical analysis

The analysis was conducted by Stata software 16.0, and P-
value < 0.05 was considered statistically significant. Standard
mean differences (SMDs) and their corresponding 95% con-
fidence intervals (95% CIs) were used to assess the influence
of air pollutants on sperm parameters. The heterogeneity of
included studies was estimated by /° statistics tests. A random-
effects model was selected when the effect estimates were
found to be heterogeneous (I2 > 50% or P < 0.05), otherwise,
a fixed-effects model was applied. A sensitivity analysis was
conducted after sequentially excluding each study to assess
the stability of the results. Publication bias was not assessed
for the less than 10 included studies (Nasser 2020).

Results
Literature retrieval and study characteristics

In total, we obtained 5136 articles from electronic biblio-
graphic databases: PubMed (4154 articles), Web of Science
Core Collection (966 articles), and Cochrane
Library databases (16 articles). Duplicated articles were re-
moved automatically and 4731 articles remained. Among
them, 247 studies were removed for not being published in
English. By reviewing the titles and/or abstracts, we excluded
4139 studies that were not related to the research subject. A
total of 171 studies were animal studies, and 90 articles were
reviews, so we excluded them. Eighty-four articles were con-
sidered potentially eligible. Fifty-eight of them were excluded
from the exposures, and outcomes were not entirely consistent
with the subject. Eventually, 6 of the remaining studies pro-
viding the mean and SD of sperm parameters were included in
the final analysis (Fig. 1).

The characteristics of the included 6 studies are presented
in Table 1. Of these, 4 studies used cross-sectional design and
2 were cohort studies. The total participants included ranged
from 48 to 1759. These studies were conducted in China,
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Czech, and Italy. Four studies assessed the exposure of
PM10, SO,, and NOx; while 2 studies evaluated carbon mon-
oxide (CO). One of the studies covered PM2.5, Os, and poly-
cyclic aromatic hydrocarbons (PAH). The sperm parameters
in the included studies were analysed according to the World
Health Organization laboratory manual guidelines published
in 1999 and 2010 (Organisation 1999; World Health
Organization 2010). According to the reported sperm param-
eters, the number of papers included in each meta-analysis
was different: 6 provided data on sperm count, 5 on sperm
concentration, 4 on sperm total motility, and 3 on sperm pro-
gressive motility.

In each study, we collected the original mean and SD of
sperm parameters from the highest and lowest levels of expo-
sure groups. The criteria of the high or low levels were not
completely consistent in the meta-analysis.

Quality evaluated

Newcastle-Ottawa Scale and the adapted form of the
Newecastle-Ottawa Scale were used for the evaluation of in-
cluded studies. Studies with more than a score of 5 were clas-
sified as good quality studies. The six studies meet the
criterion.

Sperm concentration

In the present analysis, a total of 3206 samples were used in
exploring the association between exposure to air pollution
and sperm concentration. The fixed-effects model was used
to analyse the overall result; the /* statistic was 48.0% and the
P-value was 0.061. The overall SMD for sperm concentration
was —0.17 (95% CI: —0.20, —0.13) (Fig. 2). The results
showed that exposure to air pollution had a link with de-
creased sperm concentration. The random-effects model
showed a similar result that air pollution was statistically sig-
nificantly associated with sperm concentration. A sensitivity
analysis was carried out by sequentially excluding each study,
and similar results were presented in Table S1. There was a
large overlap in the confidence intervals. The effect estimates
supported the negative association between air pollution ex-
posure and sperm concentration consistently.

Sperm count

A total of 4465 participants, including 3370 samples, were
analysed for sperm count (Table 1). The mean sperm count
ranged from 34.33 to 278.1 million/ml. For the I* was 45.9%,
we applied the fixed-effects model to analyse the effect. As
shown in Fig. 3, the overall SMD for sperm count was —0.05
(95%CI: —0.08, —0.02). The result showed that high levels of
air pollution exposure were statistically significantly associat-
ed with the reduced sperm count. We conducted the subgroup
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Fig 1 The process of literature
retrieval from the following
electronic bibliographic
databases: PubMed, Web of
Science, and Cochrane Library

Identification ]

[

]

Eligibility Screening

Included

analysis of air pollution exposure by location. The SMD of
studies conducted in Italy and Czech were —0.21(95% CI:
—0.49, 0.08) and 0.01 (95% CI: —0.26, 0.27), respectively,
which showed no relationship between air pollution exposure
and the risk of decreasing sperm count. After omitting each
study in sequence, we obtained similar results (Table S2). The
sensitivity analysis indicated that the results in the present
analysis were robust.

Sperm total motility

Four of the included studies provided information on sperm
total motility. For high heterogeneity (7 was 97.0%), the
random-effects model was applied to assess the relationship
between air pollution exposure and sperm total motility.
According to the overall SMD —-0.33 (95% CI: —0.54,
—0.11) (Fig. 4), we suggested that exposure to air pollution
at a higher level was significantly related to the deteriorating
tendency of sperm total motility.

To explore the reasons for high heterogeneity, we per-
formed a subgroup analysis according to the design of relevant
studies. In two cohort studies, the value of P was reduced to
33.6%, while the heterogeneity estimate was not materially

5136 articles identified from online
databases:
PubMed (n=4154)
Web of Science Core Collection (n= 966 )
Cochrane Library (n=16)

A

Records after duplicates removed
(n=4731)

A

Records excluded
(n=4647)

Records screened
(n=4731)

A 4

\ 4

Full-text articles excluded
-Irrelevant to the subject
(n=58)

-Non-original studies (n=4)

Full-text articles assessed
for eligibility
(n=84)

A 4

A 4

Studies included in
qualitative synthesis
(n=22)

A 4

Studies included in
quantitative synthesis
(meta-analysis)
(n=6)

affected in cross-sectional studies. The results in sensitivity
analysis after one-by-one elimination were not significantly
different (Table S3), indicating the funding of the original
analysis was reliable.

Sperm progressive motility

Three of the included studies providing 6 sets of data studying
the relationship between air pollution and sperm progressive
motility. Because the F was 91.0%, the random-effects model
was applied to the meta-analysis. No association between air
pollution and progressive motility was observed with a pooled
SMD 0.00 (95% CI: —0.13, 0.12) (Fig. 5). After the omission
of a single article one by one (Table S4), we obtained statisti-
cally steady results and the analysis was robust.

Discussion

In the present study, 6 studies out of a total of 5136 articles
were included to explore the association between air pollution
and semen quality. We found that air pollution had a deleteri-
ous effect on sperm concentration (SMD: —0.17, 95%CI:

@ Springer



Environ Sci Pollut Res (2022) 29:10792-10801

10796

Su0qIed0IpAY dnewole APLIA[0d ‘LY sapIx0 uagoniu :xN pIxorp mydins ‘g duo0zo () OPIXOUOW UogIed ‘) OpIXOIp UdSonIu CON

Ijowerp orweuAporoe ur wir o > 1opew ajemonted (01N

$S9[ J0 wirl ' JO Iajourerp uerpaw & Suiaey Jopew oyenonted jusiquie (G 7N

Kjreaur] pue ‘AJI00[OA JEQUIIAIND ‘AJIOO0[OA UI] JYSTENS

‘A3ojoydiow wads [eunou ‘A3ojoydiow peay wiads jewriou HVd pue arqndoy yooz) Te 1w
g  ‘wIads oo ‘OWINJOA USWIAS ‘UONENUadu0d wads yunod wieds ‘O1INd XON OS 17-81 L 8 9661  Apms 11010 9omsi do1do], 00T soqmy
Junod uIRds d[Iow (B30} pue ‘Amow Apmys
6 aarssardoxd ‘Ko (810} yunod wrads ‘uonenuaduod uedg 0S 169 6SLT STOZ—CI0T [BUONIAS-SSOI) BUIYD ‘URYNA L]0T [0 I
Aureaur] pue “THA “ISA ‘speay [eurou A[esigojoydiow
judorad ‘A3ojoydiow Tewou jusorad ‘oarssaidord €0} ‘oow XON pue Apmys o9z) Te 1w
L [10} ‘o[pow Juad1ad quUNoJ [£10) ‘UOHBINUIIUOD QUINJOA UAWRS ‘0D COS ‘01Nd 81 60T 0¥ 1661—€66]1 [BUONIIS-SSOID) ‘Qoneyoeld pue a01do], 0007  UBAJ[RS
Junod Apmys Te 1
[ wiads pue ‘uorssaiford premioy pider uuads ‘Ajrmour (8103 wLRdg SON LS—€T 91 L0€ $007—000C [BUONIIS-SSOID) ATe)] ‘ue[IN 600C e133og
uonejuowSeyy YN wiads pue ‘suiioj [eutou ‘Anout oS pue o LL Apnys 110400 Te 1
9 [©10) ‘Ao daIssardord 9unod wads [€10) ‘uonenuaouod wiads  ‘ODCON ‘OTINd F9°LE e 81 8107 @Anocadsonar v Are)] ‘AJ1o1S wojsey 6107 e[ereuur))
Ao 'S Aprus
6 oaIssaidoid pue ‘Kinow €10} qunod wiads ‘uonenuoouod wads O[INd PUB STIND FFHE 81T 6SLT ST0T—€10T [BUONOIS-SSOID) BUIYD ‘UBYNM 9107  [8 10 N\
syuedronred
ozIs Jjo pouad u31sop
Airend Relntdinile) somsodxg o8y ojdweg  smoqunN Apmg SfaR iciaNap | uoned0  IedX Apmg

Ayrenb uowes pue amsodxod Jre woxy sonsLRloeIRYd ApniS | dqel

pringer

A's



Environ Sci Pollut Res (2022) 29:10792-10801

10797

Study

ID

Li Wu (2016)
Li Wu (2016)
Li Wu (2016)

Li Wu (2016)

Rossella Cannarella (2019)
Sherry G. Selevan (2000)
Yuewei Liu (2017)

Jiri Rubes (2005)

Overall (I-squared = 48.0%, p = 0.061)

SMD (95% Cl)

-0.19 (-0.24, -0.13)

-0.09 (-0.15, -0.03)

-0.25 (-0.33, -0.17)

-0.20 (-0.27,-0.12)

-0.10 (-0.79, 0.58)

0.00 (-0.32, 0.33)

-0.15 (-0.29, 0.00)

-0.17 (-0.63, 0.29)

-0.17 (-0.20, -0.13)

%

Weight

29.90

30.00

16.78

16.83

0.23

1.00

4.76

0.49

100.00

T
-.785

Fig 2 The analysis of sperm concentration using the fixed-effects model

—0.20, —0.13), sperm count (SMD: —0.05, 95%CI: —0.08,
—0.02), and sperm total motility (SMD: —0.33, 95% CI:

.785

—0.54, —0.11). No evidence showed that air pollution expo-
sure reduced sperm progressive motility (SMD: 0.00, 95% CI:

Study %
ID SMD (95% Cl) Weight
|
China :
Li Wu (2016) - -0.03 (-0.09, 0.03)  29.62
Li Wu (2016) - 0.02 (-0.04,0.08) 29.62
Li Wu (2016) —— -0.13(-0.21, -0.05) 16.65
Li Wu (2016) —— -0.09 (-0.17,-0.01) 16.67
Yuewei Liu (2017) —_— -0.10 (-0.25, 0.04) 4.70
Subtotal (l-squared = 65.4%, p = 0.021) o -0.05 (-0.08, -0.01) 97.25
:
Italy :
Rossella Cannarella (2019Y * : -0.39 (-1.08, 0.29) 0.22
B. Boggia (2009) —_— -0.17 (-0.48,0.15)  1.05
Subtotal (I-squared = 0.0%, p = 0.560) <>> -0.21 (-0.49, 0.08) 1.28
|
Czech E
Sherry G. Selevan (2000) —_—l— 0.12(-0.20,0.45) 0.99
Jiri Rubes (2005) -0.23 (-0.69, 0.24) 0.49
Subtotal (I-squared = 32.6%, p = 0.223) <> 0.01(-0.26,0.27)  1.47
i
Heterogeneity between groups: p = 0.503 E
Overall (l-squared = 45.9%, p = 0.064) Q -0.05 (-0.08, -0.02) 100.00
:
T ! T
-1.08 0 1.08

Fig 3 The analysis of overall SMD for sperm count
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Study %

ID SMD (95% Cl) Weight

cross-sectional study

!
|
!
Li Wu (2016) - 0.08 (0.02, 0.14) 16.93
1
!
I
|

Li Wu (2016) . 0.05 (-0.01, 0.11) 16.93
Li Wu (2016) - 0.24 (-0.32,-0.17)  16.76
Li Wu (2016) Eo 0.19 (-0.27,-0.11)  16.76
B. Boggia (2009) —_— E 243 (-2.84,-2.02) 1055

Subtotal (I-squared = 98.0%, p = 0.000) -0.40 (-0.65, -0.15) 77.94

cohort study

Rossella Cannarella (2019) — -0.41 (-1.10, 0.27) 6.21

Yuewei Liu (2017) 0.03 (-0.12, 0.17) 15.85

Subtotal (l-squared = 33.6%, p = 0.220) > -0.06 (-0.40,0.28)  22.06

Overall (I-squared = 97.0%, p = 0.000) -0.33 (-0.54, -0.11) 100.00

NOTE: Weights are from random effects analysis
T T
-2.84 0 2.84

Fig 4 An assessment of the relationship between air pollution exposure and sperm total motility using the random-effects model

—0.13, 0.12). The consistent direction of SMD was verified by In humans, the whole process of spermatogenesis is esti-
sensitivity analysis after one-by-one elimination, which adds ~ mated to be 90 days (Zhang et al. 2019). Therefore, the data of
confidence to the findings. air pollutants exposure for the 90-day period preceding sam-

pling were considered relevant. In previous studies, Wu et al.

Study %
ID SMD (95% ClI) Weight
Li Wu (2016) — 0.13 (0.07, 0.19) 20.53
Li Wu (2016) —— 0.09 (0.03, 0.15) 20.53
Li Wu (2016) —— -0.13 (-0.21, -0.05) 19.81
Li Wu (2016) — -0.17 (-0.25, -0.09) 19.80
Rossella Cannarella (2019) -+ -0.12 (-0.81, 0.56) 2.88
Yuewei Liu (2017) —S—— 0.10 (-0.05, 0.25) 16.46
Overall (l-squared = 91.0%, p = 0.000) <> -0.00 (-0.13,0.12) 100.00
NOTE: Weights are from random effects analysis

T

T
-.807 0 807
Fig 5 An assessment of the relationship between air pollution and sperm progressive motility using the random-effects model

@ Springer



Environ Sci Pollut Res (2022) 29:10792-10801

10799

2017 retrospectively assessed the exposures of pollutants dur-
ing the important 90 days and reported that there were signif-
icant associations between particulate matter (PM) exposure
and sperm concentration and count during the entire period of
sperm development (Wu et al. 2017). Consistent with our
results, a negative effect of SO, exposure on the sperm con-
centration and count was observed by Liu et al. in Wuhan,
China (Liu et al. 2017). However, the same results were not
replicated in Rube et al. (Rubes et al. 2005). No significant
association between air pollution exposure and sperm concen-
tration or count was found (Selevan et al. 2000). The differ-
ence in characteristics of the study population, study areas, air
pollution mix, and sources in multiple geographic locations
and approaches of exposure assessment might be an explana-
tion as to the inconsistent findings (Dionisio et al. 2016;
Hammoud et al. 2010; Lao et al. 2018; Zhou et al. 2019).
Cannarella et al. (2019) did not indicate the time of exposure
time and analysed the environmental concentrations of SO,,
NO,, NOy, CO, and O; according to the Regional Agency for
Environmental Protection (ARPA) in Italy, no association be-
tween air pollution exposure and semen quality was found
except sperm count. Boggia et al. only collected data of NO,
exposure continuous for 30 days (Boggia et al. 2009), and a
significant decline of sperm total motility was observed in
workers who were occupationally exposed to NO,. In our
meta-analysis, the declined sperm total motility was also
found at a high exposure level.

Although considerable evidence supported the health effects
of air pollution on semen quality (Hansen et al. 2010; Yang et al.
2019), the direct etiological mechanisms between air pollution
and the impaired semen quality need to be determined. PM2.5
has gained more interest for the large surface areas and the ca-
pacity of carrying various toxic stuff and multiple trace elements
(Jurewicz et al. 2018; Xing et al. 2016). Spermatogenesis is
sensitive to oxidative stress particularly (Aitken et al. 2015; Du
Plessis et al. 2015), and PM2.5 could cause oxidative stress to
damage semen quality (Weichenthal et al. 2013). PM2.5 expo-
sure could also induce apparent DNA damages and histopatho-
logic changes in the testes, resulting in abnormal semen param-
eters in mice (Zhou et al. 2019). The exposure to diesel exhaust
PM2.5 (DEP) probably targeting the spermatogenetic meiosis
disturbed spermatogenesis thus semen quality (Yang et al.
2019). Meanwhile, the implication of the hypothalamic-
pituitary-gonadal (HPG) axis might be a crucial mediator for
adverse effects of PM2.5 exposure on decreased semen quality.
It influenced the levels of hormones which is critical to the de-
velopment of spermatogenesis (Fathi Najafi et al. 2015). Further
studies are needed to explore potential biological mechanisms
between PM exposure and decreased semen quality, which
might explain the potential reasons for male infertility.

There are several strengths of this study. Firstly, our study had
well-defined inclusion and exclusion criteria. Secondly, the low
heterogeneity in sperm concentration and count raised the

reliability of the results. We conducted a subgroup analysis of
study designs, which could explain the high heterogeneity in
sperm total motility. Our study supported the conclusion that
air pollution might have an adverse effect on semen quality.
However, the limitations of the study should be considered.
The available data did not consider confounding factors affecting
semen quality, such as age and smoking status. In addition, only
6 articles were included according to the criterion, which may
lead to some bias. Thus, more studies related to the subject of
effects of air pollution on semen quality are still required.

Conclusion

In conclusion, this meta-analysis of epidemiological studies
indicated that a higher level of air pollution exposure was
associated with lower semen quality, especially sperm con-
centration, sperm count, and sperm total motility. However,
no statistical difference was observed on sperm progressive
motility. The results suggested that air quality should be con-
sidered a significant factor for semen quality. Observational
studies can prove associations but not demonstrate causation,
and more attention should be paid to confirm the associations
summarised in the present meta-analysis. Longitudinal studies
and randomised controlled trials of high quality will then be
required to evaluate the causal relationship between air pollu-
tion and semen quality.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-16484-9.
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