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A B S T R A C T   

Background: To evaluate the impact of air pollution exposure on semen quality parameters during COVID-19 
outbreak in China, and to identify potential windows of susceptibility for semen quality. 
Methods: A retrospective observational study was carried out on 1991 semen samples collected between 
November 23, 2019 and July 23, 2020 (a period covering COVID-19 lock-down in China) from 781 sperm donor 
candidates at University-affiliated Sichuan Provincial Human Sperm Bank. Multivariate mixed-effects regression 
models were constructed to investigate the relationship between pollution exposure, windows of susceptibility, 
and semen quality, while controlling for biographic and meteorologic confounders. 
Result(s): The results indicated multiple windows of susceptibility for semen quality, especially sperm motility, 
due to ambient pollution exposure. Exposure to particulate matters (PM2.5 and PM10), O3 and NO2 during late 
stages of spermatogenesis appeared to have weak but positive association with semen quality. Exposure to CO 
late in sperm development appeared to have inverse relationship with sperm movement parameters. Exposure to 
SO2 appeared to influence semen quality throughout spermatogenesis. 
Conclusion(s): Potential windows of susceptibility for semen quality varied depending on air pollutants. Sperm 
motility was sensitive to pollution exposure. Findings from current study further elucidate the importance of 
sensitive periods during spermatogenesis and provide new evidence for the determinants of male fertility.   

1. Introduction 

Infertility, defined as the inability to conceive after one year of un
protected intercourse, is a global health issue and has far-reaching social 
influence (Choy and Eisenberg, 2018). Globally, approximately 15% of 
couples are affected by infertility, with male infertility contributing to 
50% of the cause (Choy and Eisenberg, 2018). Numerous reports have 
indicated that semen quality in men is declining at a population level 
(Huang et al., 2017; Levine et al., 2017; Virtanen et al., 2017). Recent 
investigations on air pollution and semen quality have indicated that 
exposure to air pollutants, such as PM2.5, is likely linked with the 

declining trends in semen quality (Deng et al., 2016; Hammoud et al., 
2010; Hansen et al., 2010), as indicated by clinically assessed sperm 
quantity and quality (Dias et al., 2019). The duration of spermatogen
esis, or sperm development, is about 90 days (Clermont, 1963), during 
which exposure to ambient pollutants has been linked to changes in 
semen quality parameters (Huang et al., 2020; Qiu et al., 2020). 

Ambient air pollution has been associated with various health ef
fects, ranging from subclinical outcomes to death (Fang et al., 2016; 
Slama et al., 2008), and it is of particular concern in rapidly developing 
countries with severe pollution, such as China (Chan and Yao, 2008; Lin 
et al., 2013; Song et al., 2017; Wang et al., 2014). Recent studies on 
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Chinese male population have indicated declining semen quality similar 
to the global trend (Deng et al., 2016; Huang et al., 2017), with potential 
linkage to air pollution (Han et al., 2011; Qiu et al., 2020; Zhou et al, 
2014, 2018). 

In the context of air pollution and the continuous decline of male 
fertility, the emergence and rapid development of the global coronavirus 
pandemic (COVID-19) pose a unique condition for studying male 
fertility. In order to control the spread of COVID-19, China implemented 
social distancing measures and imposed a nation-wide lock-down during 
the early part of 2020 (Liu et al., 2020; Pei et al., 2020). This lockdown 
period, following traditional Chinese New Year holiday, created an 
extended period of reduced traffic and industrial activities, resulting in a 
reduction of common ambient pollutants. In particular, pollutants 
related to industrial activities and traffic, such as PM2.5, PM10, NO2, and 
CO, were reduced during and/or post the lock-down period (Liu et al., 
2020; Pei et al., 2020; Venter et al., 2020). The nearly three-month 
(90-day) lockdown period in China due to the COVID-19 epidemic 
provides a study opportunity to investigate the relationship between 
ambient pollutant exposure during sperm development (a 90-day pro
cess) and semen quality. Previous studies on pollution exposure and 
semen quality mostly analyzed the average exposure during entire 
spermatogenesis (Huang et al., 2020; Qiu et al., 2020; Sun et al., 2020), 
with limited investigation focused on specific exposure windows within 
the spermatogenesis period. There are three key periods in the entire 
spermatogenesis (90-day), namely epididymis storage (in cauda epi
didymidis), development of sperm motility (in caput epididymidis), 
spermatocytogenesis (in seminiferous tubule) (Huang et al., 2020; 
Zhang et al., 2019). To the best of our knowledge, there were only a few 
studies that considered these three sperm development stages as sepa
rate exposure periods (Huang et al., 2020; Zhang et al., 2019). Addi
tionally, previous studies analyzed semen quality with a small number of 
clinical parameters, such as sperm concentration and progressive rate, 
with limited information on sperm movement parameters. Sperm 
movement parameters are indicators of sperm viability and potential 
fertility, and even were considered as sensitive biomarkers of human 
reproductive toxicity (Selevan et al., 2000; Zhou et al., 2014). Moreover, 
existing literature on pollution exposure and male fertility often utilized 
ambient pollution data matched from the closest pollution monitoring 
station, an approach that has limited ability to capture the specific 
exposure of individuals within the study population. 

In this study, we investigated the relationship between semen quality 
and the following potential windows of susceptibility: 0–9 days before 
ejaculation (epididymis storage), 10–14 days before ejaculation 
(development of sperm motility), 70–90 days before ejaculation (sper
matocytogenesis), and 0–90 days before ejaculation. Additionally, we 
were interested in understanding if the lock-down period influenced the 
outcome of sperm development. To better analyze semen quality, we 
included sperm movement parameters in addition to standard semen 
quality indicators. Lastly, to better reflect each individual’s exposure 
condition, we utilized 0.1 ◦ × 0.1 ◦ (approximately 10 km × 10 km) 
ambient pollution data matched with specific exposure location. Find
ings from the current study could further enhance existing under
standing of the relationship between pollution exposure and male 
fertility by highlighting potential sensitive periods during sperm 
formation. 

2. Materials and methods 

2.1. Study period 

To investigate the potential effect of lock-down regulations on semen 
quality, we divided the overall study period into three sub-periods: 
before lock-down (2019-11-23 to 2020-01-23), during lock-down 
(2020-01-24 to 2020-04-08), and post lock-down (2020-04-09 to 
2020-07-23) (Fig. 1). 2020-01-24 marks the beginning of Chinese New 
Year holiday period, during which industrial activities slowed down and 
people predominantly stayed at home. For 2020, the lock-down period 
due to COVID-19 pandemic extended the stay-at-home phenomenon 
with a national mandate issued on 2020-01-27 to limit activities (Gen
eral Office of the State Council, 2020). On April 8, 2020, China’s central 
government issued announcement to re-start economic activities and to 
resume “normality” (Joint Prevention and Control Mechanism of the 
State Council, 2020). We further extended the end of the study period to 
2020-07-23 to have eight full months for analysis. 

2.2. Recruitment and data collection 

Individuals included in this study were part of Sichuan Provincial 
Human Sperm Bank of China (SHSB) donor population. SHSB, located in 
Chengdu, capital city of Sichuan Province in southwest China, is the only 

Fig. 1. Spermatogenesis timeline (a), exposure windows (b) and study timeline (c).  
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official medical institution licensed to collect and store sperm from 
donors in Sichuan Province. The recruitment methods for sperm donors 
include handing out leaflets, conducting lectures in schools, and 
network publicity by technicians. The screening of sperm donors is 
conducted in strict accordance with the standard guidelines published 
by the Chinese Ministry of Health (China Ministry of Health, 2004). In 
this retrospective study, we recruited sperm donors who provided at 
least one semen sample between November 23, 2019 and July 23, 2020. 
Demographic information and clinical data were obtained from SHSB 
database. Demographic information included age, height, weight, 
ethnicity, education level, and duration of abstinence. Clinical data 
included semen parameters and the date of semen collection and anal
ysis (occurring on the same day). Additional information on residential 
address at the time of sample collection, working address during study 
period, smoking, and drinking information were collected based on 
self-reported questionnaires. Ethics approval for this study was obtained 
from the ethics review board of West China Second University Hospital 
of Sichuan University, and all experimental protocols for human subjects 
were in accordance with guidelines approved by the Institutional Re
view Board of West China Second University Hospital of Sichuan Uni
versity (WCSUH-SCU IRB, 2019–076). 

2.3. Semen analysis 

Semen collection and analysis followed the World Health Organi
zation (WHO)’s 5th edition of the laboratory manual for the examina
tion and processing of human semen (World Health Organization, 
2010). Self-reported abstinence duration was recorded by clinical staff. 
Semen samples were collected in the laboratory by masturbation into a 
sterile container. After collection, the sample was immediately placed at 
37 ◦C and evaluated directly. The sperm concentration and motility 
were determined according to the recommendation of the WHO 2010 
and measured by the Makler chamber. The analysis was performed at 
room temperature and at a magnification of 200 × . Percentage of 
spermatozoa with progressive motility, non-progressive motility, and 
non-motile spermatozoa were assessed on 200 spermatozoa. Sperm 
motility was assessed within one-hour after sample collection. The 
following semen quality parameters were assessed by Computer Assisted 
Sperm Analysis system (CASA) from Beijing Suijia Software Co. LTD: 
sperm concentration (millions/mL), total mortility (%), percentage of 
progressive motile sperms (or progressive rate, %), and some movement 
characteristics of sperm, such as curvilinear velocity (VCL, μm/s), 
straight-line velocity (VSL, μm/s), average path velocity (VAP, μm/s), 
amplitude of lateral head displacement (ALH, μm/s), linearity (LIN, %), 
straightness (STR, %), wobble (WOB, %), beat-cross frequency (BCF, 
times/s). Data for semen volume (ml) and viability were obtained by 
weighing method and Eosin staining, respectively. Total sperm count 
(millions) was calculated as semen volume multiplied by sperm 
concentration. 

2.4. Exposure assessment 

2.4.1. Environmental data 
Hourly data of six major air pollutants (PM2.5 in μg/m3, PM10 in μg/ 

m3, SO2 in μg/m3, NO2 in μg/m3, CO in mg/m3, O3 in μg/m3) were 
obtained from China Network Environment Monitoring Center (CNEMC, 
http://www.cnemc.cn/). The aforementioned six pollutants were cho
sen for analysis because of their routine monitoring during the study 
period and previous reports of their association with fertility and semen 
quality (such as PM10, SO2 and NO2 in Zhou et al., 2014). Daily con
current ground temperature, relative humidity (RH), and sunshine 
duration data were obtained from China’s National Meteorological In
formation Center (http://data.cma.cn/) for all study population. Data 
quality control was conducted on all pollutant concentration and 
weather parameters to check for missingness, extreme values, distribu
tion, and dispersion of measurements. 

We extracted each study individual’s residential address and stan
dardized the addresses to district level to serve as spatial units. We then 
estimated the daily temperature and relative humidity, as well as daily 
concentrations of PM2.5, PM10, O3, NO2, SO2, and CO for each spatial 
unit by averaging its overlapped grid cells at 0.1◦ resolution. For 
weather conditions, we interpolated the daily observations at 839 
meteorological stations to grid cells by using co-kriging with elevation 
(Kanevski, 2008). For air pollutants, we derived the gridded concen
trations by using random forests (a machine learning algorithm) based 
on the data from the air quality monitoring network, satellite retrievals, 
meteorological conditions, and various geographic factors such as land 
use types. The air quality monitoring network consisted of approxi
mately 1500 state-managed sites across Mainland China. For each air 
pollutant, a separate random forest was developed for estimating its 
daily concentrations. With respect to the satellite retrievals, we utilized 
the aerosol optical depth (AOD) from the Multi-Angle Implementation of 
Atmospheric Correction (MAIAC) for PM2.5 and PM10, the vertical col
umn densities of NO2 (and SO2) from the Ozone Monitoring Instrument 
(OMI) for NO2 (and SO2), and the Measurements of Pollution in the 
Troposphere (MOPITT) CO retrievals for CO (Deeter et al., 2014; Lamsal 
et al., 2021; Li et al., 2013; Lyapustin et al., 2011). As NOx is an 
important precursor to O3, we used the vertical column densities of NO2 
from OMI for deriving the O3 concentrations. Please refer to the previous 
studies for the details of the modeling procedure and predictive per
formance (Liu et al., 2019; Zhan et al, 2017, 2018a, 2018b; Zhang et al., 
2019). The final exposure data for entire study population covered 24 
cities in nine provinces across three time zones from UTC+6 to UTC+8 
(Fig. 2). 

During the study period, several individuals reported change of ad
dresses in the questionnaire (7 before 2019-11-23, 3 between 2020- 
01–24 and 2020-04-08, and 5 after 2020-04-08). We checked each in
dividual’s questionnaire and followed-up with the individuals to verify 
the addresses and moving dates, then made adjustment accordingly. 

2.5. Statistical analysis 

2.5.1. Descriptive statistics 
Demographic information, including age, height, weight, ethnicity, 

education level and duration of abstinence, was summarized for the 
study population. Data for key semen quality parameters were sum
marized for the following periods: before the government-mandated 
lock-down (2019-11-23 to 2020-01-23), during the lock-down (2020- 
01-24 to 2020-04-08, and after the lock-down (2020-04-09 to 2020-07- 
23). 2020-01-24 to 2020-02-02 was Chinese New Year and a 10-day 
national holiday, which was followed by extended homestay period 
due to COVID-19 pandemic. Chinese government issued “Epidemic 
Prevention and Proactive Restarting Production Activities Guidelines” 
(CPC Central Committee Leading Group on Novel Coronavirus, 2020) on 
April 9, 2020, signaling the restart of normality. Because spermato
genesis and spermiogenesis together is a 90-day process (Clermont, 
1963; Heller et al., 1964), we included exposure data from 90 days prior 
to first semen collection record and 90 days after the last semen 
collection record as part of the analysis. 

2.5.2. Regression analysis 
Three multivariate mixed-effects models were constructed to inves

tigate 1) if the government-initiated country-wide lock-down in China 
elucidated any effect on semen quality, and 2) the relationship between 
exposure windows and semen quality. 

The first model included semen quality parameters (i.e., sperm 
concentration, progressive rate, ALH, BCF, LIN, STR, VAP, VCL, VSL, 
WOB), as outcome variables separately, while adjusting for weather (i. 
e., temperature, RH), individual’s demographic condition (i.e., age, 
BMI, education level, ethnicity), and other habitual information (i.e., 
abstinence days, drinking and smoking status). A categorical variable 
was created for day of sample collection to indicate whether the sample 
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was collected before, during, or after the lock-down period. As some 
individuals provided more than one semen sample during study period, 
individual (i.e., ID) was included as a random variable. The second 
model analyzed quality parameters aforementioned in the first model 
separately as outcome variables, while including single-pollutant ana
lyses for each of the six pollutants (PM2.5, PM10, CO, O3, SO2, NO2) 
during different exposure windows (0–9 days preceding sample collec
tion, 10–14 day preceding sample collection, 15–69 days preceding 
sample collection, 70–90 days preceding sample collection, and 0–90 
days preceding sample collection). This model adjusted for weather (i.e., 
temperature, RH), individuals’ demographic condition (i.e., age, BMI, 
education level, ethnicity), and other habitual information (i.e., absti
nence days, drinking and smoking status). Individual (i.e., ID) was 
included as a random variable. The third model was built on the second 
model by further stratifying analysis by before, during, or after the lock- 
down period. 

In addition, we conducted an analysis on the effect of temperature 
(lag 0–90 days ground temperature) on the following semen quality 
parameters: sperm concentration, total sperm number, total mortility, 
and progressive mortility. We first modeled temperature exposure as a 
natural cubic spline function with 4 degrees of freedom and set 
boundary knots to 1st and 99th percentile of temperature during the 
study period. Similar to Zhou et al. (2020), our model adjusted for po
tential counfounders including age, BMI, education, smoking, absti
nence period and daily ground temperature on the day of semen 
collection, as well as lag 0–90 day PM2.5 concentration and lag 0–90 day 
relative humidity. Individual was included as the random effect. 

All analyses were conducted in R language (R Core Team, 2020), 
with packages: tidyverse, nlme, lme4, ggplot2, and zoo (Bates et al., 
2015; Pinheiro et al., 2020; Wickham, 2016; Wickham et al., 2019; 
Zeileis and Grothendieck, 2005), and Python language (version 3.7.1), 
with packages: pandas 1.2.0, numpy 1.18.1, matplotlib 3.1.3 (Caswell 
et al., 2020; Harris et al., 2020; Reback et al., 2020). 

3. Results 

3.1. Study population and ambient pollution exposure during study period 

The recruited study population was young, healthy, and overall well- 
educated (Table 1). Out of the 923 individuals recruited, the average age 
was 25.61 years (SD: 4.99 years), average height was 174.18 cm (SD: 

Fig. 2. Spatial distribution of study population during study period and respective ambient air quality monitoring stations.  

Table 1 
Summary statistics of study population.  

Population 
Characteristics  

Drinking and Smoking 
Habits 

N (%)  

Mean (SD) Smoking status  
Age 25.61 (4.99) 1-3 times/week 111 

(12%) 
Height 174.18 

(5.14) 
4-6 times/week 52(6%) 

Weight 67.77 (9.05) More than 7 times/week 83(9%)   
Never 677 

(73%) 
Ethnicity N (%) Smoking frequency  
Han 872 (95%) 1-5/day 165 

(18%) 
Yi 10 (1%) 6-12/day 71(8%) 
Other 41 (4%) More than 12/day 10(1%) 
Education Level N (%) Alcohol consumption 

frequency  
High School and Below 94 (10%) 1-3 times/week 403 

(44%) 
College 739 (80%) 4-6 times/week 3 (0.3%) 
Graduate School 90 (10%) Never 517 

(56%) 
Marriage Status N (%) Alcohol consumption  
Single, Never Married 734 (90%) 50–150 mL/time 11(1%) 
Married 173 (19%) 150–250 mL/time 366 

(40%) 
Divorced 16 (2%) More than 250 mL/time 29(3%) 

Abbreviations: N=number of unique individuals; SD=standard deviation. 
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5.14 cm), and average weight was 67.77 kg (SD: 9.05 kg). 95% of the 
study population was of Han ethnicity and 90% of them were single and 
never married. 90% of the study population received college or higher 
education. 73% of the study population never smoked and 56% never 
consumed alcohol. During the entire study period (2019-11-23 to 2020- 
07-23), the predominant portion of the study population resided within 
Sichuan Province (Fig. 2), with the dominant population residing within 
the Chengdu metropolitan (Fig. 2, dark blue). 

During study period, particulate matter (PM2.5 and PM10) and CO 
concentrations experienced by the study population showed a gradually 
decreasing trend (Fig. 3, top panel). However, O3 concentration 
exhibited an overall increase. SO2 and NO2 concentrations experienced 
by the study population remained stable and at low concentration level. 
In the beginning of the study period (up until 2020-01-24 before lock- 
down), daily number of sample collection was low and remained 
below 10 samples/day for most days. During the early portion of the 
lock-down period, sample collection was halted, resulting in no sample 
collection until March 2020. During the latter half of the lock down 
period (up until 2020-04-08), sample collection resumed. During the 
post lock-down period, daily sample collection increased steadily. We 
conducted Spearman statistics to test for potential effect due to collin
earity between pollutants and weather parameters. No strong collin
earity was observed between pollutants and weather parameters except 
for PM2.5 and PM10 (Spearman rho cut off: 0.8; results not shown). 

3.2. Temporal variability of semen quality 

Out of the 923 individuals recruited, 781 unique individuals with 
1991 samples provided sufficient semen quality data to be included in 
subsequent analyses (Table 2). Sperm concentration differed signifi
cantly between three sub-periods, with during shut-down period 
exhibiting the highest average sperm concentration of 136.91 mil/mL. 
Progressive rate was significantly lower for samples collected post lock- 
down when compared with before and during lock-down periods (p <
0.001). Almost all parameters related to sperm motility exhibited sig
nificant temporal variability between study periods. The quality of 
sperm motion, as indicated by VCL, VAP, LIN, ALH, and BCF, was lower 
for samples collected post lock-down period (p=0.01, 0.02, <0.001, 
0.02, respectively). Averages for WOB (an indicator for a measure of 

oscillation of the actual path about the average path, VAP/VCL), STR (an 
indicator for linearity of the average path, VSL/VAP), and ALH (an in
dicator for magnitude of lateral displacement of a sperm head about its 

Fig. 3. Temporal change in ambient pollution experienced by the study population and daily number of sample collection. Dotted line in top panel represents 90-day 
lag average of respective air pollutants. All concentrations in μg/m3 except for CO, which is in mg/m3. 

Table 2 
Summary of semen quality parameters during study period.  

Semen Quality 
Parameters 

Before 
(N*=74, 
n=219) 

During 
(N*=43, 
n=81) 

After 
(N*=726, 
n=1691)  

Mean (SD) Mean (SD) Mean (SD) p value 

Abstinence (days) 4.26 (1.19) 4.48 (1.13) 4.48 1.13) 0.03 
Semen Volume 

(mL) 
3.95 (1.66) 3.98 (1.69) 3.86 (1.43) 0.55 

Sperm 
Concentration 
(mil/mL) 

127.44 
(65.24) 

136.91 
(77.33) 

116.81 
(73.58) 

0.01 

Total Sperm Count 
(millions) 

476.48 
(262.48) 

514.85 
(307.98) 

430.49 
(271.45) 

<0.001 

Progressive Rate 
(%) 

70.31 
(10.18) 

70.35 (8.57) 66.52 (12.45) <0.001 

Total Motility(%) 0.73(0.10) 0.73(0.10) 0.70(0.13) <0.001 
Round Cells(mil/ 

mL) 
0.23 (0.20) 0.22 (0.18) 0.23 (0.52) 0.97 

VCL (μm/s)a 46.22 (8.62) 46.52 (9.00) 44.50 (10.05) 0.01 
VAP (μm/s)a 32.91 (6.34) 33.32 (6.74) 31.72 (7.36) 0.02 
VSL (μm/s)a 24.47 (5.53) 25.00 (5.93) 23.83 (6.19) 0.10 
WOB (%)a 0.63 (0.07) 0.623 0.073) 0.61 (0.09) <0.001 
STR (%)a 0.60 (0.07) 0.61 (0.07) 0.59 (0.09) <0.001 
LIN (%)a 0.44 (0.07) 0.44 (0.07) 0.43 (0.08) 0.01 
ALH (μm/s)a 4.82 (1.04) 4.62 (0.90) 4.44 (1.08) <0.001 
BCF (times/s)a 10.93 (1.71) 11.48 (1.83) 10.86 (2.04) 0.02 

Abbreviations: N=number of unique individuals; n=number of samples; 
SD=standard deviation; VCL=curvilinear velocity; VSL=straight-line velocity, 
VAP=average path velocity; ALH=amplitude of lateral head displacement; 
LIN=linearity; STR=straightness; WOB=wobble; BCF=beat-cross frequency. 
* N is number of unique individuals during each time period, some individuals 
provided samples during different time periods; n is number of samples. Before is 
2019–11-23 to 2020-01-23, During is 2020–01-24 to 2020-04-08, After is 
2020–04-09 to 2020-07-23. **Test of significance at 0.05 level. N=unique in
dividuals, n=number of samples. 

a Quality of sperm motion analyzed by CASA, only for samples with at least 25 
sperm tracks, including VCL(μm/s), VAP(μm/s), VSL(μm/s), WOB(%), STR(%), 
LIN(%), ALH(μm/s), BCF(times/s). 
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average path) were lower for samples collected post lock-down period 
(p < 0.001 for all three). 

After adjusting for covariates, such as abstinence, age, and BMI, 
multivariate linear mixed-effects model results suggest that most of 
semen quality parameters did not differ significantly between the lock- 
down period and outside of the lock-down period (before lock-down or 
after lock-down), except for ALH and BCF (Table S2). Compared to lock- 
down period, ALH was 39% higher before lock-down (p < 0.005), 
whereas BCF was 74% lower before lock-down period (p < 0.005). 

Additionally, we conducted regression analysis to test the potential 
effect of collinearity by removing one pollutant or one weather 
parameter at a time. The regression results were similar to that of the 
main models, suggesting that collinearity was not of concern (results not 
shown). We conducted sensitivity analysis by analyzing a subset of in
dividuals who provided multiple semen samples during the study 
period. The results were similar to that obtained for the entire study 
population (results not shown). 

3.3. Air pollution exposure during different exposure windows of 
spermatogenesis 

For the study population, average exposures to ambient pollutants 
over the course of spermatogenesis differed during different develop
mental stages (Table 3). Exposures to PM2.5, PM10, NO2, and SO2 were at 
the highest 70–90 days before sample collection compared to other 
spermatogenesis periods (41.90 μg/m3, 69.97 μg/m3, 41.16 μg/m3, 
6.51 μg/m3, respectively), whereas exposure to O3 was the lowest during 
that development window at 58.02 μg/m3. 

We found the association between semen quality parameters and 
ambient pollutants varied during different stages of spermatogenesis 
(Table 4). Ambient particulate matters (PM2.5 and PM10) had weak but 
significantly positive associations with progressive rate and multiple 
sperm motility parameters (such as VAP, VCL, WOB) during late stages 
of spermatogenesis (0–9 days and 10–14 days prior to semen sample 
collection). Average exposure to PM2.5 and PM10 during the entire sperm 
developmental period also appeared to be weakly but positively asso
ciated with progressive rate and BCF, VAP, VCL, VSL and WOB. How
ever, sperm concentration did not appear to be associated with exposure 
to particulate matters (PM2.5 and PM10). 

During all stages of spermatogenesis, SO2 had significant and posi
tive association with progressive rate (all p < 0.001) and several sperm 
movement parameters, mainly ALH, VAP, VCL, and WOB. Meanwhile, 
average exposure to SO2 during the entire spermatogenesis (0–90 days) 
and for 15–69 days preceding semen collection was also positively 
associated with sperm concentration (p < 0.05). Notably, SO2 exposure 
for 10–14 days preceding semen collection was positively (but weakly) 
associated with progressive rate and all but one (ALH) motility 
parameters. 

CO, compared to other pollutants, had the strongest relationship 
with semen quality parameters, especially with motility parameters 
(such as VAP, VCL, VSL), and the relationship between CO exposure and 
progressive rate was significantly positive for 15–69 days preceding 
collection. But later on, exposure to CO during 10–14 days before semen 
collection became negatively associated with sperm motility parameters 
BCF, VAP and VCL. 

Average O3 exposure during the entire spermatogenesis period 
showed weak inverse relationship with various semen quality parame
ters, including progressive rate (all p < 0.05) and majority motility on 
parameters (including ALH, VAP, VCL, WOB). During earlier develop
mental stage, exposure windows such as 15–69 days and 70–90 days 
preceding sample collection (mainly during early developmental stages) 
appeared to have similar inverse relationship with aforementioned 
semen quality parameters. But O3 exposure during late development 
stages (10–14, 0–9 days preceding collection) appeared to become 
positive correlated with BCF, VAP, VCL, VSL (all p < 0.05). 

Results from the first regression model with before, during, and after 
lock-down periods suggested that ALH from samples collected prior to 
lock-down period was 39% higher than that during lock-down period, 
whereas BCF was 74% lower (Table S2). Other semen quality (i.e., 
progressive rate, sperm concentration) and sperm movement parame
ters (LIN, STR, VAP, VCL, VSL, WOB) did not exhibit significant tem
poral difference. When stratified by study periods (before, during, and 
post lock-down period), pollutant exposures and semen quality exhibi
ted weak to no association (Table S3). 

Additional analysis on the effect of temperature (lag 0–90 days 
ground temperature) on semen quality parameters showed that our 
curve was not inversely-U shaped (Figure S1) as suggested previously by 
Zhou et al. (2020). The threshold of temperature in our data was around 
18.5 ◦C. 

4. Discussion 

4.1. Pandemic and pollution 

In this retrospective observational study, we examined the rela
tionship between semen quality parameters and air pollution exposure 
based on semen samples collected between November 23, 2019 and July 
23, 2020, a period that covered the on-going COVID-19 pandemic. 
Among young and healthy sperm donor candidates, we found the as
sociation of semen parameters with air pollutants to be weak in general. 
In response to the slowing of industrial activities during Chinese New 
Year (prior to COVID-19 lock-down control) and the subsequent nation- 
wide lock-down due to COVID-19, major ambient air pollutants (PM2.5, 
PM10, CO, SO2, NO2) experienced by the study population exhibited a 
steadily decreasing trend. Ozone (O3) was the only pollutant that 
showed an increase post lock-down period. Slowing of industrial activ
ities and temporarily halting of social activities decreased primary 
emission of aforementioned major pollutants during the study period. 
Since O3 is a secondary pollutant from atmospheric reactions facilitated 
by sunshine (Warneck, 2000), the increasing amount of sunshine dura
tion in late spring to early summer could have contributed to the in
crease in O3 level experienced by the study population. The 
concentrations of major ambient air pollutants were higher during the 
lock-down period than after the lock-down period, possibly due to sea
sonal variability and changes in pollution sources. The PM2.5 and PM10 

Table 3 
Air pollution exposure during different time period.  

Pollutant and 
Weather 
Parameters 

Days before Sample Collection (N=781, n=1991)  

0–90 
days 

0–9 days 10–14 
days 

70–90 
days  

Mean 
(SD) 

Mean 
(SD) 

Mean 
(SD) 

Mean 
(SD) 

p value 

PM2.5 (μg/m3) 39.13 
(7.73) 

32.96 
(17.25) 

34.57 
(17.61) 

41.90 
(9.84) 

<0.001 

PM10 (μg/m3) 66.84 
(10.55) 

54.81 
(24.77) 

58.00 
(25.69) 

69.97 
(13.91) 

<0.001 

O3 (μg/m3) 69.08 
(19.09) 

70.44 
(23.18) 

74.05 
(25.98) 

58.02 
(18.17) 

<0.001 

NO2 (μg/m3) 39.49 
(7.06) 

34.72 
(10.91) 

35.88 
(12.47) 

41.16 
(10.04) 

<0.001 

CO (mg/m3) 0.66 
(0.09) 

0.69 
(0.16) 

0.68 
(0.17) 

0.68 
(0.11) 

<0.001 

SO2 (μg/m3) 6.21 
(1.85) 

5.53 
(2.41) 

5.69 
(2.74) 

6.51 
(1.96) 

<0.001 

Ground 
Temperature(◦C) 

22.24 
(5.00) 

25.03 
(6.74) 

24.86 
(6.71) 

18.54 
(4.60) 

<0.001 

Relative humidity 
(%) 

75.64 
(5.33) 

79.55 
(6.89) 

78.34 
(7.61) 

75.97 
(7.27) 

<0.001 

Abbreviations: N=number of unique individuals; n=number of samples; 
SD=standard deviation; PM2.5=particulate matter with aerodynamic diameter 
≤2.5 μm; PM10=particulate matter with aerodynamic diameter ≤10 μm; 
O3=ozone; NO2=nitrogen dioxide; CO=carbon monoxide; SO2=sulfur dioxide. 
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concentrations in Chengdu were highest in winter, followed by spring 
and autumn, and lowest in summer, partly due to the lower temperature 
and boundary layer height, fewer precipitation, and slower wind speed 
in winter (Xiao et al., 2018). The lock-down period was between winter 
and spring, with more air pollution than the after-lock-down period. The 
major sources of PM2.5 in Chengdu is secondary aerosols and coal 
combustion, while vehicle and industrial emissions contribute less to 
PM2.5 (Kong et al., 2020). Therefore, the air quality improvement due to 
reduced industrial and traffic activities during the lock-down period 
might not be significant. Meanwhile, the average PM2.5 concentration in 
February–March 2020 was 8% lower than that in 2019, suggesting an 
overall improvement in local air quality (Chengdu Ecology and Envi
ronment Bureau, 2020). 

4.2. Windows of susceptibility and sperm motility 

The associations between different pollutants and semen quality 
parameters varied in different stages of spermatogenesis. Firstly, all six 
studied air pollutants appeared to affect progressive rate at multiple 
stages of sperm development. Progressive rate, defined as spermatozoa 
moving actively, either linearly or in a large circle, regardless of speed 
(World Health Organization, 2010), indicates a crucial capability for 
transport in the female tract (Sullivan and Mieusset, 2016). Our study 

results indicated that motility decline was significantly associated with 
the exposure of O3 in the entire (0–90 days) and early (15–90 days) stage 
of sperm development. Previous studies in Guangzhou (Huang et al., 
2020), Wuhan (Sun et al., 2020), and Beijing (Zhang et al., 2019) sug
gested that O3 exposure during the entire period of sperm development 
(0–90 days before semen collection) was significantly associated with 
decreased semen motility. Other studies suggested several possible 
mechanisms, such as O3-induced oxidative stress, inflammatory re
actions, and even the induction of the formation of circulating toxic 
species, could cause damage to semen parameters and sperm function, 
such as sperm concentration, sperm motility, sperm morphology, and 
even damage to sperm DNA (Agarwal et al, 2003, 2014; Diemer et al., 
2003; Hansen et al., 2010; Sokol et al., 2006). Regarding exposure to 
SO2, our study showed that ambient SO2 exposure exhibited weak but 
positive association with progressive rate, sperm concentration and 
CASA motility parameters (such as STR, VAP, VCL) during multiple 
spermatogenesis stages, a finding that was in contrast with other studies 
(Liu et al., 2017; Sun et al., 2020; Zhou et al., 2014). Studies by Liu et al. 
and Sun et al. were from an infertility clinic or reproductive center with 
the study populations that sought assisted reproductive technology 
(ART) procedures, whereas our study population consisted of relatively 
healthy and young sperm donor candidates. Also, annual mean con
centrations of SO2 declined steadily in China since 2015 (Kuerban et al., 

Table 4 
Summary of mixed effects model for exposure window.   

Exposure 
Window 

Progressive 
Rate 

Total 
Motility 

Sperm 
Concentration 

Total 
Sperm 
Count 

ALH BCF LIN STR VAP VCL VSL WOB 

PM2.5 0~9 0.10 *** 0.00 ** 0.22 0.67 0.01 ** 0.01 0.00 0.00 * 0.04 ** 0.05 ** 0.02 0.00 ** 
10~14 0.05 * 0.00 * 0.16 0.49 0.00 * 0.00 0.00 0.00 0.02 0.02 0.01 0.00 * 
15~69 0.09 0.00 0.03 − 0.89 − 0.00 0.03 

*** 
0.00 0.00 0.07 * 0.08 * 0.05 * 0.00 

70~90 − 0.01 − 0.00 − 0.29 − 1.33 − 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 
0~90 0.14 * 0.00 − 0.01 − 1.11 0.00 0.03 

*** 
0.00 0.00 0.09 ** 0.11 ** 0.07 * 0.00 * 

PM10 0~9 0.08 *** 0.00 *** 0.16 0.41 0.01 
*** 

0.00 0.00 0.00 * 0.03 
*** 

0.05 
*** 

0.02 * 0.00 
*** 

10~14 0.04 ** 0.00 ** 0.15 0.55 0.00 * 0.00 0.00 0.00 0.02 * 0.03 * 0.01 0.00 ** 
15~69 0.05 0.00 0.07 − 0.44 − 0.00 0.02 ** 0.00 0.00 0.04 * 0.05 * 0.02 0.00 
70~90 0.01 0.00 − 0.19 − 0.62 − 0.00 − 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
0~90 0.13 ** 0.00 * 0.07 − 0.48 0.00 0.02 ** 0.00 0.00 0.08 ** 0.09 ** 0.05 * 0.00 * 

O3 0~9 0.04 0.00 − 0.01 − 0.46 − 0.00 0.01 ** 0.00 0.00 0.03 ** 0.04 * 0.03 * 0.00 
10~14 0.02 0.00 0.05 0.27 − 0.00 0.01 

*** 
0.00 0.00 0.03 ** 0.03 ** 0.02 * 0.00 

15~69 − 0.13 *** − 0.00 ** − 0.22 − 0.39 − 0.01 
*** 

− 0.01 − 0.00 − 0.00 
* 

− 0.07 
*** 

− 0.10 
*** 

− 0.04 
** 

− 0.00 
*** 

70~90 − 0.05 * − 0.00 − 0.06 − 0.03 − 0.00 − 0.01 
*** 

− 0.00 − 0.00 − 0.03 
** 

− 0.04 
** 

− 0.02 
* 

− 0.00 

0~90 − 0.13 ** − 0.00 * − 0.27 − 0.57 − 0.01 
** 

− 0.01 − 0.00 − 0.00 − 0.06 
** 

− 0.09 
** 

− 0.03 − 0.00 
** 

CO 0~9 1.77 0.01 − 0.58 − 11.27 0.02 − 0.34 0.01 0.01 − 0.94 − 1.77 − 0.69 0.02 
10~14 − 2.92 − 0.02 − 4.72 − 70.78 0.04 − 1.29 

** 
− 0.01 − 0.01 − 3.38 * − 4.55 * − 2.48 − 0.01 

15~69 13.11 * 0.10 − 2.27 − 53.66 0.19 1.61 0.08 * 0.08 * 6.09 6.54 5.54 * 0.08 * 
70~90 1.75 0.01 − 10.69 − 95.89 0.14 0.89 0.01 0.01 2.25 3.38 1.69 0.02 
0~90 10.93 0.08 − 14.54 − 141.56 0.15 1.60 0.07 0.08 5.35 5.90 4.86 0.08 

NO2 0~9 0.13 ** 0.00 * 0.38 1.12 0.01 * 0.00 0.00 0.00 0.05 * 0.07 * 0.02 0.00 * 
10~14 0.05 0.00 0.28 0.53 0.01 − 0.00 − 0.00 − 0.00 0.01 0.02 − 0.00 0.00 
15~69 0.04 0.00 0.11 0.10 0.00 − 0.00 − 0.00 − 0.00 0.02 0.03 0.00 0.00 
70~90 − 0.02 − 0.00 − 0.45 * − 0.86 − 0.01 − 0.00 0.00 − 0.00 0.00 − 0.03 0.01 0.00 
0~90 0.06 0.00 − 0.05 − 0.15 0.00 − 0.00 0.00 − 0.00 0.03 0.03 0.01 0.00 

SO2 0~9 0.81 *** 0.01 * 1.41 3.23 0.03 0.06 0.00 * 0.00 * 0.30 * 0.36 * 0.23 * 0.00 ** 
10~14 0.66 *** 0.00 * 2.03 3.74 0.02 0.08 * 0.00 * 0.00 * 0.25 * 0.30 * 0.18 * 0.00 ** 
15~69 0.92 *** 0.01 * 3.06 * 3.96 0.02 0.13 ** 0.00 0.00 * 0.34 * 0.50 * 0.21 0.00 * 
70~90 0.91 *** 0.01 ** 1.83 3.83 0.05 * 0.06 0.00 0.00 * 0.46 ** 0.61 ** 0.31 * 0.00 * 
0~90 1.39 *** 0.01 *** 3.43 * 5.09 0.04 0.15 ** 0.00 * 0.01 ** 0.55 ** 0.78 ** 0.36 * 0.01 ** 

Abbreviations: VCL=curvilinear velocity; VSL=straight-line velocity, VAP=average path velocity; ALH=amplitude of lateral head displacement; LIN=linearity; 
STR=straightness; WOB=wobble; BCF=beat-cross frequency; PM2.5=particulate matter with aerodynamic diameter ≤2.5 μm; PM10= particulate matter with aero
dynamic diameter ≤10 μm; O3=ozone; NO2=nitrogen dioxide; CO=carbon monoxide; SO2=sulfur dioxide; BMI= body mass index. 
Model adjusted for age, BMI, education level, ethnicity, abstinence duration (days), drinking status, smoking status, relatively humidity and temperature. Significance 
level: * p <0.05, ** p < 0.005, *** p < 0.001. 
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2020), and in our study, average SO2 exposure during the entire sperm 
development was 6.21 μg/m3, far lower than earlier studies by Zhou 
et al. (69 μg/m3), Liu et al. (23 μg/m3) and Sun et al. (28.2 μg/m3) (Liu 
et al., 2017; Sun et al., 2020; Zhou et al., 2014). This difference in 
exposure level and the consequent difference in association with semen 
quality could suggest a non-linear relationship between SO2 exposure 
and semen quality, a study topic worth investigating in future studies. 

Moreover, our results indicated a positive association between par
ticulate matter (PM2.5 and PM10) exposure and progressive rate during 
multiple stages of spermatogenesis (such as 0–9, 10–14 and 0–90 lag 
days prior to semen collection). However, sperm concentration did not 
appear to be associated with exposure to particulate matters (PM2.5 and 
PM10). Previous studies showed inconsistent results with regard to the 
association between particular matter exposure and semen quality. 
While a couple of studies showed a negative association between air 
pollution and progressive rate (Guan et al., 2020; Huang et al., 2020), 
studies such as the one conducted by Lao et al. in Taiwan on 6475 male 
participants between 2001 and 2014 showed exposure to ambient PM2.5 
air pollution was associated with higher level of sperm concentration 
(2018). Similarly, Zhou et al. found PM10 exposure has shown positive 
associations with progressive rate (2018). While our study did not 
investigate the biological mechanism, our results based on exposure 
windows suggested that the positive relationship between PM and 
semen quality was significant near the end of spermatogenesis, a period 
important for sperm motility development and storage in epididymis. 
Environmental stress posed by air pollutants experienced during this 
period of sperm development could elicit a compensatory response as 
suggested by Lao et al. (2018). 

Additionally, we found that the exposure to CO had the strongest 
relationship with semen quality parameters, especially with progressive 
rate and motility parameters, and this relationship with semen quality 
parameters varied during different susceptible windows. The mecha
nism of how CO could affect the male reproduction system remains to be 
better understood. Animal model study showed that exposure to CO 
leads to differential distribution of CO in testes and semen, where CO 
level was lower in the testes but higher in semen in response to chronic 
restraint stress (Moustafa, 2021). A review on human male reproductive 
system by Mancuso et al. has suggested that CO not only could prevent 
excessive hypothalamic-pituitary-adrenal (HPA) axis activation and 
enhances reproductive processes, it could also be an important mediator 
of the pyrogenic response to neurogenic and immunoinflammatory 
stressors (Mancuso et al., 2010). More research is needed to clarify how 
such mechanisms influence the relationship between CO exposure and 
semen quality in human. 

Moreover, our analysis revealed that exposure during late sper
matogenesis (motility development stages) appeared to affect sperm 
motility. Human testicular sperm are mostly immotile, and it is in the 
epididymis where the acquisition of the potential for motility and 
development of the swimming pattern (Simerly et al., 2016). Windows 
of susceptibility for CO exposure appears to be near the end of sper
matogenesis (10–14 days and 15–69 days preceding semen collection), 
whereas for O3 was evident earlier (10–14 days preceding semen 
collection). Ten-14 days preceding semen collection is the critical period 
for sperm motility development. Fifteen-69 days preceding semen 
collection includes both the meiotic stage (first and second meiotic di
visions) and spermiogenesis stage, which is the final stage of sper
matogenesis during which spermatids mature into motile spermatozoa 
(Heller and Clermont, 1964; Nobles et al., 2018; Griswold, 2016). The 
application of CASA enables relatively objective and quantitative de
scriptions of such changes in terms of velocity and other kinematic pa
rameters (Yeung and Cooper, 2002). Earlier studies suggested that CASA 
motility parameters could be viewed as sensitive biomarkers of human 
reproductive toxicity (Selevan et al., 2000; Zhou et al., 2014). 

Lastly, ambient pollutant concentrations during lock-down period 
did not seem to be associated with semen quality, as compared to before 
and after lock-down periods. This lack of association, in contrast with 

significant associations reported during the other two periods, could be 
due to unobserved factors that influence individual’s exposure profile. 
During the lock-down period, the study population, like the rest of the 
country, stayed at home. The lack of association with ambient air 
pollution could be reflective of the fact that individuals during the lock- 
down period experienced less of outdoor air, and at the same time, in
door air quality potentially played a bigger role during this period. 
Mask-wearing outdoor during the COVID-19 pandemic could have 
further limited individual’s exposure to ambient pollutants. 

4.3. Strengths and limitations 

In this retrospective observational study, our study design had a 
number of strengths. Firstly, we were able to go beyond traditional 
semen quality parameters (i.e., sperm concentration and progressive 
rate) to look at CASA parameters for sperm movement. Sperm move
ment parameters are better at indicating sperm viability and potential 
fertility. Secondly, in our analysis, we improved the resolution of 
exposure analysis by simulating 0.1 ◦ × 0.1 ◦ pollutant concentration for 
each individual in the study population. Increasing the spatio-temporal 
resolution of ambient pollutant concentration provides more accurate 
exposure condition for exposure assessment analysis and minimizes 
potential exposure misclassification. However, the weak (or the lack of) 
association between ambient pollutant exposure and semen quality 
outcomes suggested that there could still be unobserved factors influ
encing such relationship. Our study lacked information on indoor 
environmental quality, which could play a major role in individual’s 
exposure profile during the lock-down period. Additionally, our current 
study did not have behavior information (i.e., sleeping schedule and 
diet) that could potentially influence the outcome of semen quality. 

5. Conclusion 

To understand the relationship between ambient pollution exposure 
and semen quality, we conducted a retrospective observational study to 
investigate window of susceptibility during spermatogenesis among 
young and healthy sperm donors. Out of 923 recruited individuals, a 
total of 781 individuals and 1991 samples between November 23, 2019 
and July 23, 2020, a period covering a nation-wide lock-down due to 
COVID-19, were included in our analysis. Using simulated ambient 
pollution exposure data at a spatial resolution of 0.1 ◦ × 0.1 ◦ matched 
with residential address, we found that the nation-wide lock-down 
period did not play a significant role in semen quality outcomes, how
ever, exposures during different developmental stages of spermatogen
esis had varying associations with semen quality. Exposure to 
particulate matters (PM2.5 and PM10), O3, and NO2 during late stage 
spermatogenesis had weak but positive association with semen quality, 
whereas exposure to CO late in sperm development had inverse rela
tionship with sperm motility parameters. Exposure to SO2 appeared to 
influence semen quality throughout spermatogenesis. Our results sug
gested that sperm motility could be susceptible to ambient pollution 
exposure. Findings from current study could help to further elucidate the 
importance of sensitive periods during spermatogenesis and provide 
more evidence for exposure susceptibility. 
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