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Introduction
According to the World Health Organization (WHO), one 
third of the world’s population over 15 years of age smokes 
cigarettes.1 Cigarette smoking is one of the most important 
lifestyle-associated risk factors involved in human diseases.2,3 
Previous studies have shown that smoking is associated with 
important negative effects on reproductive health both in men 
and women.4 Experimental studies in animal models have indi-
cated that cigarette smoking could be directly or indirectly toxic 
to spermatogenesis.5,6

Semen analysis is the most important diagnostic tool used to 
assess fertility and includes parameters such as semen volume, 

sperm concentration, sperm count, sperm motility, and sperm 
motion.7 Multiple studies have suggested that semen quality has 
declined worldwide;8–10 however, the reasons for the decline re-
main largely unknown. An association between semen quality 
and smoking has been reported in a number of studies, but the 
results are inconsistent.11–15 Most of the previous studies were 
limited to relatively small groups of infertile males or males with 
unknown fertility status. A meta-analysis of studies encompass-
ing 5865 men from 26 countries/regions identified smoking 
as a risk factor for semen quality in both fertile and infertile 
groups.16 Only seven studies used the most recent WHO criteria 
(2010) then available. The largest sample size of fertile men in 
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the meta-analysis is just 60. In contrast, a review by Marinelli et 
al17 concluded that smoking has limited effects on semen quality. 
Therefore, the relation between cigarette smoking and semen 
quality is still under debate, and large-scale studies of semen 
quality encompassing the variety of smoking patterns among 
the general population of fertile men are needed.

To our knowledge, there is no study investigating the asso-
ciation between smoking and semen quality in a large popu-
lation of fertile men. Additionally, no studies have tested the 
impact of age at smoking initiation and smoking cessation on 
semen quality. Of note, it has been recently suggested that the 
impact of a father who smoked on offspring health may be 
greatest when the father initiated smoking before puberty.18 
Additionally, from a public health perspective, if smoking is 
indeed related to lower semen quality, it is important to know 
if this association remains in former smokers, but there are no 
data. Therefore, we investigated the association between var-
ious aspects of cigarette smoking history and semen quality 
among 1631 fertile men from the Nanjing Medical University 
Longitudinal Investigation of Fertility and the Environment 
(NMU-LIFE) study.

Methods

Study population

All participants were enrolled in the NMU-LIFE study, a larger 
cohort study of the impact of environmental agents on repro-
ductive health in Nanjing, China. Pregnant women were tar-
geted for recruitment of the family unit by the pregnant woman’s 
maternity care doctor. Approximately 93% of identified women 
agreed to participate. Written informed consent was obtained 
for all interested participants. The NMU-LIFE study population 
consisted of 2090 fertile men from 2010 to 2016. Excluding 
those with a history of cryptorchidism, hypospadias, and vari-
cocele, this study includes 1631 participants for whom data on 
semen quality, detailed information on smoking, and complete 
covariates were all available. All protocols and informed con-
sent were approved by the Institutional Ethics Committee of 
Nanjing Medical University.

Quantification of smoking

Information on smoking status and habits was obtained using 
a self-administered questionnaire. Participants were classified as 
current smokers if they were currently smoking and had been 
smoking for at least 1 year before interview, former smokers if 
they had quit smoking for at least 6 months and had smoked for 
at least 1 year, and never smokers were men who never smoked. 
Participants reported their history of passive smoking exposure 
as the average number of hours per day: 0, 0–0.5, 0.5–1, and 
>1. Both former and current smokers were asked to report the 
usual number of cigarettes smoked per day, for how many years 
they had smoked that amount, age at smoking initiation, and 
years after smoking cessation in former smokers. Participants 
were divided into different groups according to smoking status, 
smoking intensity, duration, cumulative dose of smoking, and 
age at smoking initiation. Among former and current smokers, 
cumulative dose of smoking was stratified into <5, 5–10, and 
≥10 pack-years.

Semen collection and analysis

All semen samples were collected during the second trimester of 
the participant’s spouse pregnancy. Men were instructed to col-
lect semen samples by masturbation into sterile plastic specimen 
cups in a semen collection room. Semen specimens were then liq-
uefied at 37°C and immediately analyzed using computer-aided 
semen analysis (CASA, WLJY 9000, Weili New Century Science 

and Tech Dev) according to the WHO guidelines (WHO, 2010). 
Sperm outcomes include semen volume (ml), sperm concentra-
tion (×106/ml), total sperm count (×106/ml), total motility (%), 
progressive motility (%), and sperm motion parameters. Sperm 
motion measures are curvilinear velocity (VCL), straight-line ve-
locity (VSL), linearity (LIN), average path velocity (VAP), wobble 
(WOB), straightness (STR), mean angular displacement (MAD), 
beat cross frequency (BCF), and amplitude of lateral head dis-
placement (ALH).

Statistical analysis

Unpaired two-sided Student’s t tests were used to compare 
the means of normally distributed continuous parameters. In 
all other cases, the Mann–Whitney U test was used for com-
parisons between the groups. Box–Cox transformation was 
used to determine the optimal transformation for each vari-
able of semen quality. Specifically, we found that semen quality 
parameters required log transformation (log10) (i.e., semen 
volume), cubic root transformation (i.e., total sperm count), 
square root transformation (i.e., ALH), or no transformation 
(i.e., sperm concentration, total motility, progressive motility, 
VCL, VSL, LIN, VAP, WOB, STR, MAD, and BCF). Linear re-
gression models were used to assess how smoking is related to 
semen quality. These models were run unadjusted, and with 
adjustment for potential confounding variables. Confounding 
variables in the adjusted models included age (continuous), 
body mass index (BMI) (continuous), ethnicity (Han/other), 
education attainment (high school and below/college degree 
and above), alcohol drinking status (never drinker/current 
drinker/former drinker), passive smoking (yes/no), family in-
come (<100,000 yuan/100,000–200,000 yuan/≥200,000 
yuan), and abstinence time (continuous). Confounding vari-
able identification was based on prior knowledge or biological 
plausibility. In addition, we performed analyses separately for 
age (<35 and ≥35 years), BMI (<24 and ≥24), family income 
(<100,000 yuan and ≥100,000 yuan), passive smoking (no and 
yes), and alcohol drinking (never and ever), considering the 
possibility that smoking may impact semen quality differen-
tially by these variates.

All statistical analyses were performed using R software version 
3.4.1 (R Core Team R, 2016). All statistical tests were two-tailed 
and P value less than 0.05 was considered statistically significant. 
To address multiple testing, we also calculated the false discovery 
rate (FDR) using the Benjamini–Hochberg (BH) procedure.

Results
Participant characteristics by smoking status are presented in 
Table  1. Among the 1631 participants studied, 1011 (62.0%) 
were never smokers and 620 (38%) were ever smokers including 
534 (32.7%) current smokers and 86 (5.3%) former smokers. 
Compared with never smokers, ever smokers had higher BMI, 
were more likely to be drinkers, and had lower education attain-
ment and lower family income (Table 1). Among the 620 ever 
smokers, the intensity of smoking in 285 (46%) men were <10 
cigarette/day, 263 (42.4%) were 10–20, and 72 (11.6%) were ≥ 
20. Most of men (388, 62.6%) smoked <5 pack-years (eTable 1; 
http://links.lww.com/EE/A48). The mean number of pack-years 
was 4.76 and the majority of men were 20–25 years old at initia-
tion of smoking (58.2%; eTable 1; http://links.lww.com/EE/A48). 
The average values of the 14 semen quality parameters among 
the study participant are shown in eTable 2 (http://links.lww.com/
EE/A48).

Smoking status in relation to semen parameters
In unadjusted models, statistically significant associations were 
observed between ever smoking and semen volume, sperm 
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concentration, total sperm count, VCL, and VAP (for semen 
volume: β = −0.05, P < 0.001; for sperm concentration: β = 
−4.15, P = 0.046; for total sperm count: β = −0.28, P < 0.001; 
for VCL: β = 1.13, P = 0.046; for VSL: β = 0.76, P = 0.046; 
eTable 3; http://links.lww.com/EE/A48). However, when all the 
potential confounders were included in the multivariate mod-
els, there were no significant differences. These results were 
similar when former smokers and current smokers were each 
compared with never smokers (eTable 3; http://links.lww.com/
EE/A48).

Semen quality in men with different intensity of 
smoking and smoking habit duration

Compared with never smokers, higher smoking intensity 
(≥20 cigarettes smoked daily) was related to lower semen 
volume and total sperm count (for semen volume: multivari-
able-adjusted β = −0.08, P = 0.037; for total sperm count: 
multivariable-adjusted β = −0.45, P = 0.043; Table 2). No sig-
nificant associations were detected with other semen quality 
parameters (Table  2). No significant associations were found 

TABLE 1.Baseline characteristics by smoking status.

Characteristic
Never smoker  

(N = 1011)

Smoker (N = 620)

Ever smoker  
(n = 620)

Former smoker  
(n = 86)

Current smoker  
(n = 534)

Age (yrs) 30.88 ± 4.04 30.90 ± 4.32 31.31 ± 4.27 30.83 ± 4.33
BMI (kg/m2), n (%) 24.45 ± 3.10 24.93 ± 3.38* 25.25 ± 3.45* 24.88 ± 3.37*

Ethnicity, n (%)     
 � Han 982 (97.1) 599 (96.6) 82 (95.3) 517 (96.8)
 � Other 29 (2.9) 21 (3.4) 4 (4.7) 17 (3.2)
Education, n (%)
 � High school and below 242 (23.9) 318 (51.3) 37 (43.0) 281 (52.6)
 � College degree and above 769 (76.1) 302 (48.7)* 49 (57.0)* 253 (47.4)*

Family income, n (%)  
 � <100,000 330 (32.6) 266 (42.9) 41 (47.7) 225 (42.1)
 � 100,000 - < 200,000 493 (48.8) 244 (39.4)* 33 (38.4)* 211 (39.5)*

 � ≥ 200,000 188 (18.6) 110 (17.7)* 12 (14.0) 98 (18.4)
Drinking status, n (%)  
 � Never drinker 518 (51.2) 206 (33.2) 31 (36.0) 175 (32.8)
 � Ever drinker 493 (48.8) 414 (65.7)* 55 (64.0)* 359 (67.2)*

 � Former drinker 94 (9.3) 54 (8.7) 10 (11.6) 44 (8.2)
 � Current drinker 399 (39.5) 360 (58.1)* 45 (52.3)* 315 (59.0)*

Passive smoking status, n (%)     
 � Yes 344 (34.0) 415 (66.9) 51 (59.3) 364 (68.2)
 � No 667 (66.0) 205 (33.1)* 35 (40.7)* 170 (31.8)*

Days of Abstinence, mean (SD) 4.03 ± 2.64 3.75 ± 2.40* 3.69 ± 1.67 3.76 ± 2.49*

Mann–Whitney U test has been used for continuous variables and Chi-square test for categorical variables.
*Compared with never smoker: P < 0.05.

TABLE 2.Comparison of semen parameters in never smokers and ever smokers with different intensity of smoking (number of 
cigarettes smoked daily).

Semen parameter

Never  
smoker  

(N = 1011)

Ever smoker (N = 620)

<10 (n = 285) 10–20 (n = 263) ≥ 20 (n= 72)

Unadjusted
Multivariable- 

adjusteda Unadjusted
Multivariable- 

adjusteda Unadjusted
Multivariable- 

adjusteda

Semen volume (ml) Reference −0.02 (−0.05, 0.01) 0.01 (−0.02, 0.03) −0.06 (−0.09, −0.03)** −0.03 (−0.06, 0.002) −0.10  
(−0.15, −0.04)**

−0.08  
(−0.12, −0.03)*

Sperm concentration 
(106/ml)

Reference −5.51 (−9.82, −1.20) −4.40 (−8.89, 0.08) −3.07 (−7.52, 1.38) −2.42 (−7.17, 2.33) −2.66 (−10.50, 5.18) −3.43 (−11.50, 4.64)

Total sperm count 
(106)

Reference −0.22 (−0.40, −0.03) −0.08 (−0.26, 0.10) −0.30 (−0.49, −0.10)* −0.14 (−0.33, 0.05) −0.51 (−0.85, −0.17)* −0.45  
(−0.78, −0.13)*

Total motility (%) Reference 1.90 (−0.63, 4.44) 1.54 (−1.10, 4.17) 1.41 (−1.21, 4.03) 1.79 (−1.01, 4.58) 1.31 (−3.30, 5.92) 2.52 (−2.23, 7.27)
Progressive  

motility (%)
Reference 1.74 (−0.47, 3.95) 1.32 (−0.97, 3.61) 1.30 (−0.98, 3.59) 1.65 (−0.78, 4.08) 1.37 (−2.66, 5.39) 2.55 (−1.58, 6.68)

VCL (μm/s) Reference 1.02 (−0.16, 2.19) 0.62 (−0.59, 1.83) 1.44 (0.23, 2.65) 1.27 (−0.01, 2.56) 0.42 (−1.71, 2.55) 0.58 (−1.60, 2.76)
VSL (μm/s) Reference 0.47 (−0.33, 1.27) 0.29 (−0.54, 1.11) 1.20 (0.37, 2.02)* 1.20 (0.32, 2.07) −0.19 (−1.64, 1.26) 0.10 (−1.39, 1.58)
VAP (μm/s) Reference 0.50 (−0.32, 1.32) 0.28 (−0.56, 1.13) 1.30 (0.45, 2.15)* 1.28 (0.38, 2.17) −0.14 (−1.63, 1.35) 0.11 (−1.42, 1.63)
BCF (Hz) Reference 0.02 (−0.07, 0.11) 0.03 (−0.07, 0.12) −0.02 (−0.12, 0.07) −0.03 (−0.13, 0.07) 0.04 (−0.12, 0.21) 0.01 (−0.15, 0.18)
ALH (μm/s) Reference 0.003 (−0.03, 0.04) −0.003 (−0.04, 0.04) 0.001 (−0.04, 0.04) −0.001 (−0.04, 0.04) 0.01 (−0.05, 0.08) 0.02 (−0.05, 0.08)
LIN (%) Reference −0.10 (−1.23, 0.93) −0.03 (−1.11, 1.04) 0.45 (−0.61, 1.51) 0.58 (−0.56, 1.72) −0.89 (−2.76, 0.98) −0.59 (−2.53, 1.35)
STR (%) Reference 0.11 (−0.32, 0.54) 0.10 (−0.35, 0.55) −0.03 (−0.48, 0.41) 0.04 (−0.44, 0.51) −0.54 (−1.32, 0.24) −0.35 (−1.15, 0.46)
WOB (%) Reference −0.33 (−1.23, 0.57) −0.28 (−1.22, 0.65) 0.24 (−0.68, 1.17) 0.29 (−0.70, 1.29) −0.65 (−2.28, 0.97) −0.55 (−2.24, 1.15)
MAD (°) Reference 0.89 (−0.12, 1.89) 0.73 (−0.32, 1.78) −0.21 (−1.25, 0.82) −0.27 (−1.38, 0.84) 0.54 (−1.29, 2.36) 0.54 (−1.35, 2.43)

Data are linear regression coefficient (β) and 95% CI. Ever smokers with different intensity of smoking versus never smoker. P values are adjusted by Benjamini–Hochberg with FDR. Bold characters 
emphasize significant associations.
*P < 0.05; **P < 0.01.
aAdjusted for age, BMI, ethnicity, education attainment, alcohol drinking status, passive smoking, family income, and abstinence time.
ALH indicates amplitude of lateral head displacement; BCF, beat cross frequency; CI, confidence interval; LIN, linearity; MAD, mean angular displacement; STR, straightness; VAP, average path velocity; VCL, 
curvilinear velocity; VSL, straight-line velocity; WOB, curvilinear path wobble.

http://links.lww.com/EE/A48
http://links.lww.com/EE/A48
http://links.lww.com/EE/A48


Tang et al.  •  Environmental Epidemiology (2019) 3:e055	 Environmental Epidemiology

4

with any subgroup of smoking duration and semen quality in 
multivariable models compared with never smokers (eTable 4; 
http://links.lww.com/EE/A48).

Semen quality in men with different cumulative 
dose of smoking

Results of linear regression models of cumulative dose of smok-
ing (pack-years) in association with semen quality are shown 
in Table 3. In multivariable-adjusted analysis, only the highest 
category of cumulative doses of smoking (≥10 pack-years) was 
significantly negatively associated with semen volume (multi-
variable-adjusted β = −0.10, P = 0.001) and total sperm count 
(multivariable-adjusted β = −0.42, P = 0.037). Positive associ-
ations were observed only in multivariable-adjusted analyses 
for total motility (β = 6.02, P = 0.037) and progressive motility  
(β = 5.52, P = 0.037; Table 3). When ever smokers were divided 
back into former smokers and current smokers, the significant 
associations between cumulative smoking and semen quality 
were only found in the much larger group of current smokers 
(for semen volume: β = −0.08, P = 0.011; for total motility:  
β = 6.77, P = 0.027; for progressive motility: β = 6.11, P = 0.027; 
eTable 5; http://links.lww.com/EE/A48) and were not seen in the 
86 former smokers (eTable 6; http://links.lww.com/EE/A48).

Semen quality in men with different age at smoking 
initiation and different years of quit smoking

Because the duration of smoking was related to semen param-
eters, we investigated the role of the age of smoking initiation. 
Younger ages of initiation were associated with semen volume 
only in unadjusted models (Table  4); no significant associa-
tions were found between any semen quality parameters and 
age at smoking initiation in the multivariable models (Table 4). 
Additionally, investigating former smokers with different 
durations of cessation and semen quality, we did not find any 

significant associations in the multivariable models (eTable 7; 
http://links.lww.com/EE/A48).

Dose–response relation between smoking and 
semen quality
We observed a negative dose-dependent association between 
cumulative doses of cigarette smoking (pack-years) and semen 
volume (Table 5). The coefficient increased gradually across the 
categories and was −0.10 for semen volume (P, trend <0.001) 
and −0.42 for total sperm count (P, trend = 0.010; Table  5). 
Additionally, positive dose-dependent associations were also 
found between pack-years and both total motility (P, trend  
< 0.032) and progressive motility (P, trend = 0.028; eTable 8; 
http://links.lww.com/EE/A48).

Stratification analysis of association between 
smoking and semen quality
The results of the analyses of smoking in relation to semen volume 
and total sperm motility stratified by age, BMI, family income, 
passive smoking, and alcohol drinking are summarized in eTables 
9 and 10 (http://links.lww.com/EE/A48). We found no indication 
that the associations varied by age (P for interaction = 0.117), 
BMI (P for interaction = 0.433), and passive smoking (P for inter-
action = 0.557). There was a suggestion of a stronger inverse as-
sociation in lower family income (P for interaction = 0.011) and 
never drinkers (P for interaction = 0.022; eTable 9; http://links.
lww.com/EE/A48). There was no evidence that associations be-
tween higher cumulative dose of smoking and total sperm count 
differed by age, BMI, family income, passive smoking, or alcohol 
drinking (eTable 10; http://links.lww.com/EE/A48).

Discussion
In the present study, that in a large sample size of males with 
known fertility, heavy cigarette smoking was associated with 

TABLE 3.Comparison of semen parameters in never smokers and smokers with different cumulative dose of smoking.

Semen parameter

Never  
smoker  

(N = 1011)

Ever smoker (N = 620)

<5 pack-yearsa  
(n = 388)

5–10 pack-yearsa  
(n = 150)

≥ 10 pack-yearsa  
(n = 82)

Unadjusted
Multivariable- 

adjustedb Unadjusted
Multivariable- 

adjustedb Unadjusted
Multivariable- 

adjustedb

Semen volume (ml) Reference −0.03 (−0.05, −0.002) −0.0001 (−0.02, 0.02) −0.05 (−0.09, −0.02) −0.02 (−0.06, 0.01) −0.11 (−0.16, −0.06)*** −0.10 (−0.14, −0.05)**

Sperm concentration  
(106/ml)

Reference −5.76 (−9.61, −1.93)** −4.44 (−8.50, −0.37) −2.14 (−7.76, 3.48) −1.41 (−7.30, 4.47) −0.14 (−7.52, 7.24) −2.30 (−10.15, 5.54)

Total sperm  
count (106)

Reference −0.26 (−0.43, −0.10)** −0.10 (−0.27, 0.06) −0.26 (−0.51, −0.02) −0.12 (−0.35, 0.12) −0.42 (−0.74, −0.11) −0.42 (−0.74, −0.11)*

Total motility (%) Reference 2.20 (−0.05, 4.46) 1.60 (−0.79, 3.99) −0.55 (−3.85, 2.76) −0.02 (−3.48, 3.44) 2.87 (−1.47, 7.21) 6.02 (1.41, 10.63)*

Progressive  
motility (%)

Reference 2.18 (0.22, 4.15) 1.53 (−0.54, 3.61) −0.69 (−3.57, 2.20) −0.26 (−3.27, 2.74) 2.35 (−1.43, 6.13) 5.52 (1.52, 9.53)*

VCL (μm/s) Reference 1.71 (0.67, 2.75)** 1.20 (0.10, 2.29) −0.02 (−1.55, 1.51) −0.27 (−1.86, 1.32) 0.46 (−1.55, 2.46) 1.36 (−0.76, 3.48)
VSL (μm/s) Reference 1.07 (0.35, 1.78)** 0.78 (0.03, 1.53) 0.24 (−0.80, 1.28) 0.18 (−0.91, 1.26) −0.16 (−1.53, 1.21) 0.72 (−0.73, 2.16)
VAP (μm/s) Reference 1.11 (0.38, 1.84)** 0.79 (0.02, 1.56) 0.33 (−0.74, 1.40) 0.24 (−0.87, 1.35) −0.06 (−1.46, 1.35) 0.83 (−0.65, 2.32)
BCF (Hz) Reference −0.01 (−0.09, 0.07) 0.01 (−0.08, 0.09) 0.01 (−0.11, 0.13) 0.004 (−0.12, 0.13) 0.07 (−0.09, 0.22) −0.02 (−0.18, 0.15)
ALH (μm/s) Reference 0.01 (−0.02, 0.04) 0.0005 (−0.03, 0.04) −0.01 (−0.06, 0.03) −0.01 (−0.06, 0.04) 0.01 (−0.05, 0.07) 0.02 (−0.04, 0.09)
LIN (%) Reference 0.20 (−0.81, 1.03) 0.22 (−0.76, 1.20) 0.20 (−1.14, 1.54) 0.31 (−1.10, 1.72) −1.00 (−2.76, 0.76) −0.50 (−2.38, 1.38)
STR (%) Reference 0.20 (−0.18, 0.58) 0.16 (−0.24, 0.57) −0.24 (−0.80, 0.32) −0.19 (−0.77, 0.40) −0.73 (−1.47, −0.001) −0.34 (−1.12, 0.45)
WOB (%) Reference −0.11 (−0.91, 0.69) −0.10 (−0.95, 0.75) 0.13 (−1.03, 1.30) 0.16 (−1.07, 1.39) −0.67 (−2.21, 0.86) −0.42 (−2.07, 1.22)
MAD (°) Reference 0.65 (−0.24, 1.54) 0.50 (−0.45, 1.45) −0.43 (−1.74, 0.88) −0.44 (−1.81, 0.94) 0.58 (−1.14, 2.29) 0.66 (−1.17, 2.50)

Data are linear regression coefficient (β) and 95% CI. Ever smokers with different cumulative dose of smoking versus never smoker. P values are adjusted by Benjamini–Hochberg with FDR. Bold characters 
emphasize significant associations.
*P < 0.05; **P < 0.01; ***P < 0.001.
aPack-year is the number of packs smoked/day × number of smoking years. A pack-year is defined as 20 cigarettes smoked every day for 1 year.
bAdjusted for age, BMI, ethnicity, education attainment, alcohol drinking status, passive smoking, family income, and abstinence time.
ALH indicates amplitude of lateral head displacement; BCF, beat cross frequency; CI, confidence interval; LIN, linearity; MAD, mean angular displacement; STR, straightness; VAP, average path velocity; VCL, 
curvilinear velocity; VSL, straight-line velocity; WOB, curvilinear path wobble.
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decreased semen volume and total sperm count and increased 
total motility and progressive motility after adjusting for poten-
tial confounding variables. Semen quality was not significantly 
different between former smokers and never smokers. No sig-
nificant association was found between smoking and sperm 
motion parameters. It is known that sperm development takes 
approximately 3 months. This result implied that smoking may 
not affect the development of sperm, but mainly affect the early 
stage of spermatogenesis.

Complete assessment of the smoking impact on semen quality 
requires a separate and combined analysis of cumulative effects 
of exposure duration and dose. Smoking intensity and dura-
tion mainly reflect exposure dose and exposure lasting time, 
respectively. Therefore, in our present study, we classified smok-
ing exposure according to smoking duration, smoking inten-
sity, and cumulative exposure (pack-years). Cigarette contains 
many compounds that are known as chemical carcinogens and 
mutagens in humans. While acute exposures of highly toxic sub-
stances of smoking could cause dramatic short- and long-term 
changes in semen parameters, these exposures are relatively rare 
in the population. Chronic, low-dose exposures may not have 
as profound effects as acute exposures. The sustained nature 
of smoking exposures, however, could contribute to clinically 
significant impairments of spermatogenesis, reflected in alterna-
tions in semen parameters.

In our analyses of cumulative dose of smoking (pack-years), 
we found a significant decrease in semen volume and total 
sperm count among ever smokers with higher cumulative doses 
of smoking. A previous meta-analysis by Li et al15 reported that 
smokers had lower semen volume and total sperm count when 
compared with never smokers. However, a recent meta-analysis 
by Sharma et al16 reported decreased sperm count in smokers 
compared with nonsmokers but semen volume was not affected. 
Another study found that current smokers showed significantly 
lower ultrasound-derived seminal vesicle volumes, either be-
fore or after ejaculation.19 A study conducted among 243 fertile 
males found that cigarette smoking was associated with signifi-
cantly lower semen volumes.20

Our findings of positive associations between smoking and 
motility are in accordance with animal studies. Dai et al21 found 
that nicotine-treated mice have elevated sperm motility parame-
ters, consistent with our finding that heavy smoking (≥10 pack-
years) was associated with higher total motility and progressive 
motility. The effect of age at smoking initiation on semen quality 
has not previously been investigated. We did not find age to be 
significantly associated with semen quality after adjusted for 
confounding variables. However, in this population, the range 
of ages of initiation was narrow: we had very few individuals 
who began smoking before puberty, an important period for 
maturation of the testis that could influence later sperm quality.

TABLE 4.Comparison of semen parameters in never smokers and smokers with different age at smoking initiation.

Semen parameter

Never  
smoker  

(n = 1011)

Ever smoker (n = 620)

< 20 years (n = 139) 20–25 years (n = 361) ≥ 25 years (n = 120)

Unadjusted
Multivariable- 

adjusteda Unadjusted
Multivariable- 

adjusteda Unadjusted
Multivariable- 

adjusteda

Semen volume (ml) Reference −0.08 (−0.12, −0.04)** −0.03 (−0.07, 0.01) −0.04 (−0.06, −0.01)* −0.01 (−0.04, 0.01) −0.03 (−0.07, 0.01) −0.01 (−0.05, 0.03)
Sperm concentration 

(106/ml)
Reference −3.95 (−9.77, 1.87) −1.72 (−7.92, 4.49) −3.96 (−7.91, −0.02) −3.45 (−7.61, 0.71) −4.92 (−11.13, 1.29) −5.28 (−11.60, 1.04)

Total sperm  
count (106)

Reference −0.36 (−0.61, −0.11)* −0.09 (−0.34, 0.16) −0.26 (−0.43, −0.09)* −0.14 (−0.31, 0.03) −0.26 (−0.53, 0.01) −0.19 (−0.45, 0.06)

Total motility (%) Reference 2.18 (−1.24, 5.60) 1.66 (−2.00, 5.31) 1.34 (−0.98, 3.66) 1.40 (−1.05, 3.85) 1.85 (−1.80, 5.50) 2.83 (−0.89, 6.55)
Progressive  

motility (%)
Reference 2.34 (−0.64, 5.32) 1.70 (−1.47, 4.87) 1.34 (−0.67, 3.37) 1.41 (−0.72, 3.54) 1.04 (−2.14, 4.22 1.99 (−1.24, 5.23)

VCL (μm/s) Reference 2.25 (0.68, 3.83)* 1.54 (−0.14, 3.22) 0.61 (−0.46, 1.68) 0.41 (−0.72, 1.53) 1.35 (−0.33, 3.04) 1.64 (−0.07, 3.35)
VSL (μm/s) Reference 1.10 (0.02, 2.18) 0.65 (−0.50, 1.79) 0.63 (−0.10, 1.36) 0.58 (−0.19, 1.35) 0.47 (−0.68, 1.62) 0.78 (−0.38, 1.95)
VAP (μm/s) Reference 1.22 (0.11, 2.33) 0.74 (−0.43, 1.91) 0.67 (−0.08, 1.42) 0.59 (−0.19, 1.38) 0.51 (−0.67, 1.69) 0.81 (−0.39, 2.01)
BCF (Hz) Reference −0.05 (−0.17, 0.08) −0.02 (−0.15, 0.11) 0.02 (−0.06, 0.10) 0.01 (−0.07, 0.10) 0.01 (−0.12, 0.14) −0.01 (−0.15, 0.12)
ALH (μm/s) Reference 0.03 (−0.02, 0.08) 0.03 (−0.03, 0.08) −0.01 (−0.05, 0.02) −0.02 (−0.05, 0.02) 0.02 (−0.03, 0.07) 0.02 (−0.03, 0.08)
LIN (%) Reference −0.61 (−1.99, 0.78) −0.69 (−2.18, 0.79) 0.49 (−0.45, 1.43) 0.60 (−0.40, 1.59) −0.55 (−2.03, 0.93) −0.33 (−1.84, 1.19)
STR (%) Reference −0.07 (−0.64, 0.51) −0.12 (−0.74, 0.49) 0.09 (−0.30, 0.48) 0.14 (−0.28, 0.55) −0.33 (−0.95, 0.28) −0.16 (−0.79, 0.47)
WOB (%) Reference −0.81 (−2.02, 0.39) −0.91 (−2.21, 0.39) 0.33 (−0.48, 1.15) 0.37 (−0.50, 1.24) −0.71 (−2.00, 0.58) −0.61 (−1.94, 0.71)
MAD (°) Reference 0.99 (−0.36, 2.35) 0.97 (−0.48, 2.42) 0.04 (−0.88, 0.95) −0.06 (−1.03, 0.92) 0.70 (−0.75, 2.14) 0.73 (−0.75, 2.21)

Data are linear regression coefficient (β) and 95% CI. Ever smokers with different age at smoking initiation versus never smoker. P values are adjusted by Benjamini–Hochberg with FDR. Bold characters 
emphasize significant associations.
*P < 0.05; **P < 0.01,
aAdjusted for age, BMI, ethnicity, education attainment, alcohol drinking status, passive smoking, family income, and abstinence time.
ALH indicates amplitude of lateral head displacement; BCF, beat cross frequency; CI, confidence interval; LIN, linearity; MAD, mean angular displacement; STR, straightness; VAP, average path velocity; VCL, 
curvilinear velocity; VSL, straight-line velocity; WOB, curvilinear path wobble.

TABLE 5.Association between smoking and semen quality shows a dose–response pattern with increased pack-years.

Semen volume Total sperm count

Unadjusted Multivariable-adjusteda Unadjusted Multivariable-adjusteda

Constant 0.40 0.23 5.32 3.92
Never smoker Reference Reference Reference Reference
Pack-years <5 −0.03 (−0.05, −0.002)* −0.0001 (−0.02, 0.02) −0.26 (−0.43, −0.10)** −0.10 (−0.27, 0.06)
Pack-years 5–10 −0.05 (−0.09, −0.02)** −0.02 (−0.06, 0.01) −0.26 (−0.51, −0.02)* −0.12 (−0.35, 0.12)
Pack-years ≥10 −0.11 (−0.16, −0.06)*** −0.10 (−0.14, −0.05)*** -0.42 (−0.74, −0.11)** −0.42 (−0.74, −0.11)**

Trend test P valueb < 0.001 < 0.001 0.001 0.010

Data are linear regression coefficient (β) and 95% confidence interval. Semen volume and total sperm count were base-10 logarithm and cubic root transformed, respectively.
aAdjusted for age, BMI, ethnicity, education, drinking status, family income, passive smoking, and abstinence period.
bThe P-value for trend test across pack-year categories with the never smoker group as the reference category.
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In the current study, no significant difference in semen quality 
was found in any category of former smokers compared with 
never smokers. This result suggests that smoking cessation 
might have a restorative effect on semen quality. Two previous 
studies that followed men up to 12 months after smoking ces-
sation found that semen quality was markedly improved.22,23 
Sperm development takes approximately 70–90 days in humans 
and all of our former smokers had quit more than 6 months be-
fore semen collection. We speculate that the lack of significant 
associations between former smoking and semen quality in our 
study may be attributed to the lack of smoking exposure during 
sperm development. It is possible that men with below-average 
semen quality, who wish to have children, might especially ben-
efit from quitting smoking.

Semen quality is strongly correlated with fecundity.24 Although 
all the participants in our study were fertile males, their part-
ners may vary in time-to-pregnancy (TTP). It can be speculated 
that lower semen quality may lead to longer TTP, and previous 
studies identified longer TTP in partners of male smokers.25,26 
Additionally, it has been demonstrated that tobacco smoking is 
associated with increases in DNA damage, mutations, and epige-
netic abnormalities in sperm which could in turn impact sperm 
parameters.27–29 Paternal smoking can lead to increased suscep-
tibility to several diseases in offspring.19,29 Therefore, poor sperm 
quality and quantity might be an important mediator in the asso-
ciation between paternal smoking and offspring health.

Previous studies reported that cigarette smoking can cause 
chromosomal aberration, DNA damage, and alter the DNA 
methylation pattern in sperms.30,31 Several mechanisms have been 
hypothesized. These mechanisms were concerning the deteriora-
tion of spermatogenesis, induction of ultrastructural abnormal-
ities, apoptosis, and abnormal epigenetic modification. Though 
some males exhibit normal semen quality, the sperm may harbor 
some abnormalities, such as aberrant DNA methylation and ab-
normal expression of noncoding RNA. Therefore, it is possible 
that smoking may influence fecundability by affecting sperm ep-
igenetic modifications, sperm chromatin damage, and without 
volume, count, and motility as mediators. Future studies are 
needed to illustrate the underlying molecular mechanism.

This study has limitations that deserve mention. Smoking in-
formation was self-reported. However, previous studies have 
shown that the accuracy between self-reported and biochem-
ical elements in the blood is high,32 and self-reporting tend to 
underestimate the amount of smoking.33 Another important 
limitation was that only one semen sample was analyzed for 
semen quality for each participant. However, a previous study 
reported that a single semen sample may suffice for identifying 
differences in semen quality between groups of men.34 As in any 
epidemiologic study, although we adjusted for many covariates, 
unmeasured confounding is possible.

A major strength of this study is the large well-character-
ized cohort of fertile men. The number of participants in the 
earlier studies investigating the association between smoking 
and semen quality of fertile men is 889 participants35 and most 
have been much smaller. Secondly, we assessed a wide range of 
14 semen parameters to investigate the associations between 
smoking and semen quality in a more comprehensive manner 
than in most studies. Thirdly, we conducted smoking status sub-
analyses, such as evaluating current versus former smoking. We 
also examined smoking history in greater detail than in many 
previous studies considering the amount smoked, duration, 
pack-years, and age at initiation. Fourthly, we took great effort 
to obtain information on lifestyle factors and environmental 
exposures for all participants and adjusted for several possible 
confounders, such as age, BMI, ethnicity, education, drinking 
status, family income, and abstinence period. We also analyzed 
the association between smoking and semen quality stratified by 
age, BMI, passive smoking, etc. The larger size, consideration of 
potential confounders and more comprehensive evaluation of 

both smoking variables and sperm parameters based on WHO 
guidelines enabled statistically robust analyses of the impact of 
this common lifestyle exposure and sperm quality.

Conclusions
Cigarette smoking was associated with lower semen volume and 
total sperm count and higher sperm motility in fertile men, es-
pecially among those who are heavy smokers. The detrimental 
effects of smoking on semen quality were not seen in men who 
had stopped smoking. This work has implications for public 
health research to help shape opinions related to smoking and 
male fertility and may shed light on how environmental expo-
sures can impact the development of abnormal semen quality.
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