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in Denmark. A total of 11 980 pregnant women (87% of all invited) 
participated and provided information on lifestyle and health-related 
factors before and during pregnancy. Among these, 11 144 delivered 
live-born singletons, of which 5716 were boys. Those alive and living 
in Denmark by December 2004 were identified in the Danish Civil 
Registration System (n = 5109).18 In 2005, a follow-up study, primarily 
designed to examine the association between prenatal smoking 
exposure and adult semen quality, was established.8 A total of 716 
young men aged 18–21  years were invited from February 2005 to 
January 2006. Among these, 100 (14%) men declined participation and 
251 (35%) men did not respond. A total of 18 (3%) men were excluded 
because they failed to appear at three appointments, were unable to 
be reached by phone, inclusion period had ended, or they had moved.

A total of 347  (49%) men agreed to participate in the study 
and delivered semen and blood samples. Further, 27 (4%) men did 
not answer any question on age at pubertal indicators and were 
excluded from the study; thus, 320 (45%) men constituted the final 
study population in this study. All participants were financially 
compensated (≈ €75) for participating in the study.

In 2005, all children of mothers from the “Healthy Habits for Two” 
cohort were invited to complete a web-based questionnaire on health 
and lifestyle factors, including information on pubertal development.19 A 
total of 2810 (55%) men responded. Among the 320 men in the present 
study population, 235 (73%) men participated in both data collections. 
In case of missing data on pubertal indicators from the questionnaire 
filled in when delivering semen and blood samples, we used information 
from the web-based questionnaire (nocturnal emission, n = 22; pubic 
hair, n = 0; and voice break, n = 62). If their answers differed between the 

INTRODUCTION
Poor semen quality is the main cause of reduced male fecundity.1 
In some countries, the proportion of men with a suboptimal semen 
quality is high,1,2 and a recent Danish study found that up to 77% had 
a suboptimal semen quality.3 Despite this, only relatively few potential 
risk factors of poor semen quality have been identified, e.g., genetics,4 
obesity,5 older age,6 prenatal and adult smoking,7,8 hormonal exposure 
and pollution.9,10 Factors that affect the male fecundity are important 
to identify in order to prevent poor semen quality.

During puberty, boys attain adult secondary sexual characteristics 
and reproductive capability.11 The levels of luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH) are elevated before physical 
signs of puberty, with pronounced pulsation frequency and amplitude,12 
resulting in an increased release of testosterone and onset of the 
spermatogenesis. The rise in testosterone levels induces testicular 
growth, followed by growth of the penis and pubic hair.13 Thus, 
testosterone plays a fundamental role in male sexual and reproductive 
function,14 and a relation between pubertal development, semen quality 
and reproductive hormones in adulthood through a modification of 
the hormonal balance is plausible.

Currently, only two studies have investigated the association 
between pubertal development and male reproductive health. The 
studies indicated a relation between delayed puberty and lower male 
reproductive health in young adult life.15,16

MATERIALS AND METHODS
Study population
The participants were sons of mothers included in the “Healthy 
Habits for Two” cohort,17 established from April 1984 to April 1987 
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two questionnaires, the answers from the questionnaire filled in when 
delivering semen and blood samples were used (nocturnal emission, 
n = 114; pubic hair, n = 0; and voice break, n = 55), as we believe that the 
participants in the semen sample study were more inclined to answer 
the questions and they might have thought more thoroughly before 
answering than in the web-based questionnaire.

The study was approved by the Regional Ethics Committee (registered 
number 20040174) and the Danish Data Protection Agency (record 
number 2014-41-3048).

Questionnaires and assessment of indicators of pubertal development
In both data collections, participants completed the same questionnaires 
with information on health-related, reproductive and lifestyle factors. 
In the present study, they also provided information related to their 
semen sample.

To assess age at pubertal development, participants were asked “Have 
you had your first nocturnal emission?,” “Do you have pubic hair?,” and 
“Has your voice broken?” If they answered “Yes,” they were asked to 
state the age in years and months at which the event first occurred. We 
converted the month into a fraction of a year and added years to create a 
continuous outcome variable for each of the three indicators. Four groups 
were defined for each of the pubertal indicators: <13 years (reference), 
13–14 years, >14–15 years and >15 years. There were no men who stated 
a pubertal age below the age of 9 years; therefore, there were no cases of 
precocious puberty in the cohort (defined as development of secondary 
sexual characteristics before the age of 9 years in boys).20

Collection and analyses of semen and blood samples
Before collecting semen, the participants were instructed to be 
sexually abstinent for at least 48 h. Semen samples were collected by 
masturbating into a plastic container at home. The containers were 
to be kept close to the body during transportation to avoid a large 
temperature drop and brought to a mobile laboratory where a trained 
medical laboratory technologist performed the initial semen analysis 
blind to the age at pubertal development. Using an improved Neubauer 
hemocytometer (Paul Marienfeld, Bad Mergentheim, Germany), the 
sperm concentration was assessed using an appropriative dilution. 
Semen volume was estimated by the sample’s weight (1 g = 1 ml). Total 
sperm count was calculated as the sperm concentration multiplied 
by semen volume. After liquefaction in a warmed chamber at 37°C, 
sperm motility was assessed by classifying 200 sperm cells within 
each of two fresh drops of semen as either motile  (Grades A and 
B) or immotile  (Grade  C).21 Examination of 83.1% of the samples 
was initiated within the 1st  h, where motility is most stable,22 and 
examination of 99.7% was initiated within 2 h. Further, sperm DNA 
integrity was analyzed by sperm chromatin structure assay (SCSA), 
which measures DNA damage by DNA fragmentation index (DFI).23 
Smears were air dried, fixed in 95% (v/v) ethanol and stained with 
a modification of Papanicolaou stain. Sperm morphology was 
determined by strict categorization.24 The analysis of sperm motility 
and sperm concentration was performed in accordance with the World 
Health Organization  (WHO) Laboratory Manual for Examination 
of Human Semen-Cervical Mucus Interactions.21 The laboratory 
took part in the European Society for Human Reproduction and 
Embryology (ESHRE) external quality control program, and all control 
tests were in agreement with their criteria.

Blood samples were drawn from the participants, and serum was stored 
at −80°C until analyzed for testosterone, estradiol, FSH, LH, sex hormone 
binding globulin (SHBG) and inhibin B by the trained medical laboratory 
technologists unaware of sample status. The concentrations of testosterone, 

estradiol, FSH and LH were analyzed by Avida Centaur (Bayer Healthcare, 
Leverkusen, Germany). SHBG concentrations were determined by the use 
of IMMULITE (DPC, Koge, Denmark). Inhibin B concentrations were 
measured by enzyme-linked immunosorbent assay (Oxford Bio-Innovation 
Ltd., Oxford, UK). In two samples, the concentration of inhibin B was 
below the detection limit for the specific assay (15.0 pg ml−1). Thus, the 
concentrations of the two samples were set to 14.0 pg ml−1 before the 
statistical analyses. The inhibin B samples were analyzed at the Laboratory 
of Reproductive Biology, University Hospital of Copenhagen, Denmark, and 
all other samples were analyzed at the Department of Clinical Chemistry, 
Aarhus University Hospital, Denmark.

Covariates
A priori, we identified potential confounders using direct acyclic 
graphs (DAGs).25

From the questionnaires completed during pregnancy, we had 
information on factors related to maternal lifestyle and health. 
The following covariates were included in all analyses: maternal 
smoking during pregnancy  (nonsmoker  [reference], past smoker, 
1–4 cigarettes day−1, 5–10 cigarettes day−1, 11–15 cigarettes day−1, 
16–20 cigarettes day−1, and >20 cigarettes day−1); maternal drinking 
during pregnancy (0 drinks week−1  [reference], 0.5–2 drinks week−1 
and >2 drinks week−1); maternal prepregnancy body mass index (BMI) 
(<18.5, 18.5–24.9 [reference] and >24.9 kg m−2); and socioeconomic status 
based on the highest ranking of job description or academic background 
between the mother and father at the time of pregnancy (white-collar 
workers [reference], blue-collar workers, unemployed and students).

Prepubertal BMI was based on height and weight around 5–8 years 
of age collected from school nurse registers and was available for 
240 (75%) men. We divided the prepubertal BMI into tertiles with the 
middle tertile as reference, and included it in all analyses.

From the men’s questionnaires that were turned in when delivering 
the semen and blood samples, we had information on factors 
related to their lifestyle and health as well as information related to 
collection of the semen sample. Analyses on semen characteristics 
were adjusted for diseases in the reproductive organs (cryptorchidism, 
mumps, operations in penis or scrotum, epididymitis, gonorrhea, 
or chlamydia  [no diseases as reference]) and abstinence time from 
the last ejaculation to semen sample (<48 h, 48 h–5 days [reference] 
and  >5  days). Further, analyses on sperm concentration were 
adjusted for spillage when providing the semen sample (spillage vs no 
spillage [reference]). Sperm motility analyses were adjusted for time 
interval between ejaculation and semen sample analysis as a continuous 
variable. In the analyses of semen volume and total sperm count, we 
excluded men who reported spillage (n = 82). Reproductive hormones’ 
analyses were adjusted for the time of day that the blood sample was 
collected (<9 am [reference], 9–12 am or >12 am).

Statistical analysis

Missing data
The number (%) of young men who provided an age at first nocturnal 
emission, start of pubic hair growth and first voice break episode in 
years was 196  (61%), 162  (51%) and 210  (67%), respectively. Only 
17 (5.3%) and 41 (12.8%) reported age in both years and months at 
first nocturnal emission and first voice break episode, respectively. 
None had answered age at start of pubic hair growth in both years and 
months. To replace missing data, we used multiple imputations, which 
provide unbiased estimates if data are missing at random.26

We generated 100 complete data sets. We included the exposure 
and outcome variables, the covariates used in the linear regression 
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(see above), as well as age at first regular shaving, age at first acne 
episode, adult BMI, current coffee consumption, current alcohol intake, 
current smoking habits and age in the imputation model.

Data analyses
Semen and reproductive outcome variables were log-transformed before 
statistical analyses. Median (25th-75th centile) of the semen and reproductive 
hormone characteristics were reported for each of the four exposure groups 
as descriptive measures. We performed multivariate linear regression 
analyses with the three pubertal indicators as the independent variable 
separately, and estimated the adjusted percentage mean difference (95% 
confidence interval [CI]) in semen quality and reproductive hormones 
parameters with the youngest puberty group (<13 years) as reference. In 
addition, we estimated how the average semen quality and reproductive 
hormone levels were associated with boys’ age at onset at each of the three 
pubertal indicators (difference per year), i.e., we used the three recorded 
ages as continuous covariates in a linear regression with semen quality 
and reproductive hormone levels, respectively, as outcomes. Complete 
case analyses as well as sensitivity analyses were performed in addition to 
multiple imputations to allow comparison.

The statistical analyses were performed using Stata 13 software (Stata 
Corporation, College Station, TX, USA).

RESULTS
The characteristics of 320 participants according to age groups of 
the three indicators of pubertal development are listed in Table  1. 
Men with missing information on pubertal events had no systematic 
differences in any of the investigated variables compared with the men 
who provided the information. The median (25–75th centile) age of the 
320 participants was 13.6 (12.8–14.6) years at first nocturnal emission, 
13.6 (12.8–14.5) years at start of pubic hair growth and 14.2 (13.3–15.2) 
years at first voice break episode.

For all three indicators, the estimated difference per year ranged 
from 0.86 (95% CI: 0.74, 0.99) to 0.88 (95% CI: 0.78, 1.00) (Table 2), 
corresponding to a 12%–14% lower sperm concentration for each year 
of later onset of the pubertal indicators. Men who had experienced 
pubic hair growth after 15 years of age had a sperm concentration 
of −45.0% (95% CI: −69.8%, 0.2%) compared with men who started 
pubic hair growth before 13 years of age. Men in the oldest age group 
of first nocturnal emission and voice break had a sperm concentration 
of  −37.0%  (95% CI: −63.8%, 9.8%) and  −32.7% (95% CI: −60.1%, 
13.6%) compared with the youngest age group, respectively 
(Table 2 and Figure 1a).

With regard to total sperm count, the estimated difference per 
year varied between 0.88 (95% CI: 0.74, 1.05) and 0.90 (95% CI: 0.77, 

Figure 1: The percentage difference (95% CI) in sperm concentration, total sperm count, testosterone concentration and inhibin B concentration compared to 
the reference group (<13 years at pubertal indicators). Nocturnal emission: —, pubic hair: ‑ ‑, voice break: •••. (a) Sperm concentration (n = 320) – adjusted 
for maternal body mass index (BMI), smoking and drinking during pregnancy, socioeconomic status, abstinence time, diseases in reproductive organs, 
spillage and prepubertal BMI. (b) Total sperm count (n = 238) – adjusted for maternal BMI, smoking and drinking during pregnancy, socioeconomic status, 
abstinence time, diseases in reproductive organs and prepubertal BMI. Excluded if spillage when providing the semen sample (n = 82). (c) Testosterone 
concentration (n = 320) – adjusted for maternal BMI, smoking and drinking during pregnancy, socioeconomic status, time of blood sample and prepubertal 
BMI. (d) Inhibin B concentration (n = 320) – adjusted for maternal BMI, smoking and drinking during pregnancy, socioeconomic status, time of blood 
sample and prepubertal BMI.
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1.05) (Table  2), equivalent to 10%–12% lower total sperm count 
for each year of later onset of puberty. Compared with men in the 

youngest age group, total sperm count for those having had pubic hair 
growth after 15 years of age was −44.2% (95% CI: −73.0%, 15.5%). For 

Table 1: Characteristics of 320 males stratified by age at pubertal development, nonimputed data

Age groups at the three pubertal indicators (year)

<13 13–14 >14–15 >15 Missing

Number (%)

Nocturnal emission 126 (39) 41 (13) 20 (6) 9 (3) 124 (39)

Pubic hair 109 (34) 33 (10) 16 (6) 4 (1) 158 (49)

Voice break 98 (31) 56 (18) 34 (11) 22 (7) 110 (34)

Age, mean (s.d.)

Nocturnal emission 20.2 (0.9) 20.0 (0.8) 20.0 (0.7) 20.0 (0.6) 20.0 (0.8)

Pubic hair 20.1 (0.8) 20.1 (0.8) 20.2 (0.7) 20.0 (1.1) 20.0 (0.8)

Voice break 20.1 (0.9) 20.1 (0.7) 20.2 (0.8) 19.9 (0.9) 20.0 (0.8)

BMI, kg m−2, mean (s.d.)

Nocturnal emission 23.4 (3.5) 22.4 (2.3) 24.0 (3.1) 24.2 (4.1) 23.3 (3.7)

Pubic hair 23.5 (3.8) 22.6 (3.7) 22.3 (2.9) 22.4 (4.4) 23.4 (3.5)

Voice break 23.7 (3.8) 22.6 (3.6) 23.9 (4.2) 23.1 (3.2) 23.1 (3.4)

Prepubertal BMI, kg m−2, mean (s.d.)

Nocturnal emission 15.9 (1.6) 15.6 (1.3) 15.6 (1.1) 16.5 (1.5) 15.9 (1.5)

Pubic hair 15.9 (1.4) 15.5 (1.5) 15.5 (1.5) 16.2 (0.7) 15.9 (1.6)

Voice break 15.9 (1.6) 15.5 (1.4) 15.9 (1.4) 16.0 (1.0) 15.8 (1.6)

History of diseases in reproductive organs (yes n [%])

Nocturnal emission 27 (21.5) 9 (22.0) 2 (10.0) 0 (0.0) 17 (13.7)

Pubic hair 22 (20.2) 7 (21.2) 2 (12.5) 0 (0.0) 24 (15.2)

Voice break 18 (18.4) 13 (23.2) 5 (14.7) 2 (9.1) 17 (15.5)

Abstinence time in days, mean (s.d.)

Nocturnal emission 2.9 (1.7) 2.8 (1.3) 3.4 (1.8) 11.6 (25.7) 3.0 (1.5)

Pubic hair 3.0 (1.9) 2.8 (1.5) 2.9 (1.2) 3.8 (1.7) 3.4 (6.3)

Voice break 2.9 (1.5) 3.0 (1.6) 2.6 (1.3) 3.8 (2.4) 3.5 (7.5)

Minutes from ejaculation to start of analysis, mean (s.d.)

Nocturnal emission 49.8 (13.8) 52.1 (18.4) 64.9 (46.7) 50.0 (13.7) 52.4 (17.3)

Pubic hair 51.0 (14.8) 55.9 (19.0) 47.2 (13.4) 35.0 (7.1) 52.8 (22.7)

Voice break 50.5 (13.8) 55.1 (32.3) 49.4 (22.8) 54.5 (22.8) 52.1 (15.7)

Spillage at semen sampling (yes n [%])

Nocturnal emission 32 (25.4) 9 (22.0) 8 (40.0) 1 (11.1) 32 (25.8)

Pubic hair 25 (22.9) 6 (18.2) 6 (37.5) 1 (25.0) 44 (27.8)

Voice break 22 (22.4) 9 (16.1) 8 (23.5) 9 (40.9) 34 (30.9)

Blood collected between 06.00 and 09.00 am, n (%)

Nocturnal emission 42 (33.3) 12 (29.3) 4 (20.0) 0 (0.0) 34 (27.4)

Pubic hair 34 (31.2) 13 (39.4) 6 (37.5) 1 (25.0) 38 (24.1)

Voice break 30 (30.6) 22 (39.3) 8 (23.5) 7 (31.8) 25 (22.7)

High social economic status (white collar, n [%])

Nocturnal emission 97 (77.0) 32 (78.0) 16 (80.0) 6 (66.7) 94 (74.6)

Pubic hair 82 (75.2) 23 (69.7) 13 (81.3) 4 (100.0) 123 (77.8)

Voice break 77 (78.6) 40 (71.4) 27 (79.4) 16 (72.7) 85 (77.3)

Prenatal alcohol exposure (yes n [%])

Nocturnal emission 101 (80.2) 34 (82.9) 18 (90.0) 9 (100.0) 102 (82.3)

Pubic hair 92 (84.4) 28 (84.8) 12 (75.0) 3 (75.0) 129 (81.6)

Voice break 83 (84.7) 48 (85.7) 28 (82.4) 18 (81.8) 87 (79.1)

Prenatal smoking exposure (yes n [%])

Nocturnal emission 96 (76.2) 28 (68.3) 14 (70.0) 5 (55.6) 88 (71.0)

Pubic hair 80 (73.4) 29 (87.9) 13 (81.3) 3 (75.0) 107 (67.7)

Voice break 75 (77.6) 41 (75.0) 28 (82.4) 19 (86.4) 68 (61.8)

Maternal BMI, kg m−2 before pregnancy, mean (s.d.)

Nocturnal emission 21.4 (3.2) 20.5 (1.7) 22.0 (3.3) 20.5 (1.9) 21.5 (2.8)

Pubic hair 21.4 (2.4) 20.2 (1.5) 21.6 (2.1) 21.4 (2.6) 21.5 (3.2)

Voice break 21.5 (2.5) 21.2 (2.9) 20.9 (1.9) 21.5 (1.8) 21.4 (3.6)

BMI: body mass index; s.d.: standard deviation
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nocturnal emission and voice break, the estimates were in the same 
direction (Table 2 and Figure 1b).

We found no significant associations between age at pubertal 
development and semen volume, sperm motility, sperm cell 
morphology or DNA damage.

The estimated difference per year in testosterone concentration 
for all three indicators ranged from 0.95  (95% CI: 0.92, 0.99) to 
0.98  (95% CI: 0.94, 1.02)  (Table  3), corresponding to a 2%–5% 
lower testosterone concentration for each year of later pubertal 
development. Men who had experienced their first voice break 
episode after 15  years of age had a testosterone concentration 
of  −16.0%  (95% CI: −26.4%, −4.1%) compared with men aged 
younger than 13 years at their first voice break episode. As shown 
in Figure 1c, the results for first nocturnal emission and pubic hair 
were in the same direction and magnitude, but none of the estimates 
were statistically significant.

We found similar trends for inhibin B for men in the oldest 
age group of all three pubertal indicators. When comparing men 
younger than 13  years with those experiencing first nocturnal 
emission after 15 years of age, the inhibin B concentration was −21.3% 
(95% CI: −35.4%, −4.2%). The associations with age at public hair 
growth and voice break were weaker, but in the same direction 
(Table 3 and Figure 1d).

For LH and SHBG, the same trends of lower concentrations with 
older age at pubertal development were found (Table 3). No significant 

associations were found between age at pubertal development and 
estradiol and FSH.

The crude median semen quality and reproductive hormone 
parameters according to age at indicators of pubertal development are 
presented in Supplementary Table 1.

DISCUSSION
The results indicate a trend toward an association between delay in 
pubertal development and lower semen quality in later life and altered 
reproductive hormones, supporting the results from the two previous 
studies on the subject.15,16

The present study had a large study population, and our 
participants were all healthy, young men with no known major 
diseases. A total of 48.5% of all invited provided a semen and blood 
sample, which is high for a semen quality study. Direct selection bias is 
unlikely owing to a lack of reproductive experience among the young 
men. Further, the participants were not aware of the hypothesis when 
entering the study.

We were able to conduct a thorough analysis of the men’s 
reproductive status through both semen and hormonal parameters, 
which were performed by technicians blind to information on 
pubertal development or any other relevant characteristics. We had 
some ability to adjust for several potential confounders, including 
prenatal exposures, but we cannot rule out confounding by unknown 
factors. All participants were Danish, and the ethnicity was relatively 

Table 2: Adjusted percentage difference (95% CI) from reference group (<13 years) for semen quality parameters according to age at indicators 
of pubertal development, imputed dataset (n=320)

Age groups 
(year)

Distribution (%) Sperm concentration 
(million ml−1)a,b

Semen 
volume (ml)a,c

Sperm total 
count (million)a,c

Motile 
sperm (%)a,d,e

Normal morphology 
sperm (%)a,e

DNA damage (%)a,e

First nocturnal 
emission

<13 31 Reference Reference Reference Reference Reference Reference

13–14 30 6.5 (−30.1; 62.3) 5.5 (−11.4; 25.6) 13.8 (−31.7; 89.8) −2.7 (−15.1; 11.5) 18.6 (−16.2; 67.6) 4.4 (−11.5; 23.2)

>14–15 22 −35.9 (−59.3; 1.0) 5.1 (−13.0; 27.0) −18.3 (−52.8; 41.7) −8.7 (−21.3; 5.8) 2.9 (−30.4; 52.2) 2.0 (−16.1; 24.1)

>15 17 −37.0 (−63.8; 9.8) −6.3 (−24.4; 16.2) −37.8 (−68.5; 22.6) −0.4 (−15.6; 17.4) −12.7 (−43.7; 35.3) 3.9 (−16.7; 29.6)

Estimated 
difference 
per year

0.88 (0.78; 1.00) 0.98 (0.94; 1.03) 0.89 (0.77; 1.03) 1.00 (0.96; 1.04) 0.98 (0.89; 1.08) 1.00 (0.95; 1.05)

Start of pubic 
hair growth

<13 29 Reference Reference Reference Reference Reference Reference

13–14 33 −5.7 (−38.2; 43.9) 15.7 (−2.4; 37.2) 6.1 (−37.2; 79.1) −5.7 (−17.8; 8.2) 0.5 (−30.1; 44.4) 8.1 (−9.3; 28.8)

>14–15 23 −12.0 (−46.3; 44.1) 14.2 (−5.5; 38.0) −5.1 (−46.5; 68.2) 2.1 (−12.1; 18.7) −10.0 (−39.3; 33.5) 6.4 (−12.9; 30.0)

>15 15 −45.0 (−69.8; 0.2) 13.7 (−9.7; 43.1) −44.2 (−73.0; 15.5) 2.2 (−14.1; 21.7) −20.5 (−51.8; 31.1) 11.0 (−12.2; 40.3)

Estimated 
difference 
per year

0.86 (0.74; 0.99) 1.05 (0.99; 1.11) 0.88 (0.74; 1.05) 1.01 (0.97; 1.06) 0.92 (0.82; 1.04) 1.03 (0.97; 1.09)

First voice 
break episode

<13 16 Reference Reference Reference Reference Reference Reference

13–14 28 −14.5 (−48.7; 42.4) 18.5 (−2.5; 44.0) −11.6 (−51.7; 61.7) −0.7 (−15.2; 16.4) 20.1 (−18.9; 77.7) 6.3 (−12.2; 28.9)

>14–15 27 −25.6 (−55.8; 25.0) 8.7 (−11.4; 33.2) −31.3 (−63.0; 27.5) −2.0 (−16.6; 15.2) 17.3 (−21.2; 74.6) −8.9 (−24.9; 10.6)

>15 29 −32.7 (−60.1; 13.6) 2.6 (−16.4; 25.9) −29.1 (−62.3; 33.6) −10.3 (−23.7; 5.5) −2.6 (−34.3; 44.4) −2.8 (−20.4; 18.8)

Estimated 
difference 
per year

0.88 (0.77; 1.00) 0.98 (0.93; 1.03) 0.90 (0.77; 1.05) 0.97 (0.93; 1.01) 0.98 (0.88; 1.08) 0.97 (0.93; 1.02)

aAdjusted for maternal smoking during pregnancy (nonsmoker, past smoker, 1–4 cigarettes day−1, 5–10 cigarettes day−1, 11–15 cigarettes day−1, 16–20 cigarettes day−1 and 
>20 cigarettes day−1); maternal drinking during pregnancy (0 drinks week−1, 0.5–2 drinks week−1 and >2 drinks week−1); maternal prepregnancy BMI (<18.5, 18.5–24.9 and 
>24.9 kg m−2); the boys’ prepubertal BMI (divided into tertiles); socioeconomic status based on the highest ranking of job description or academic background between the mother 
and father at the time of pregnancy (white‑collar workers, blue‑collar workers, unemployed and students); diseases in the reproductive organs (including cryptorchidism, the mumps, 
operations in penis or scrotum, epididymitis, gonorrhea or chlamydia); and abstinence time from the last ejaculation to semen sample (<48 h, 48 h to 5 days and >5 days); bAdjusted 
for spillage during semen sample; cExcluded if spillage when providing the semen sample (n=82 [25.6%]); dAdjusted for time interval between semen sample to analysis; eExcluded if 
missing (motility: n=3 [0.9%], morphology: n=7 [2.2%], DNA damages: n=5 [1.6%]). BMI: body mass index; CI: confidence interval
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homogeneous, which to some extent can limit bias based on race or 
genetics.

Nevertheless, there are limitations worth considering. We used 
retrospective, self-reported information on indicators of pubertal 
development with mean recall time of 5.8–6.4 years for the three 
pubertal indicators. Using questionnaires to assess the age at 
pubertal development might provide less accurate information 
on puberty onset compared with clinical examinations. However, 
questionnaires allow for a larger study population and have been 
used in several large-scale studies previously, e.g., in the ALSPAC 
cohort.27

Age at first nocturnal emission has been shown to be an accurate 
estimate of the onset of pubertal development in boys, compared 
to menarche in girls.28,29 Nevertheless, retrospective determination 
of the time at pubertal development in boys is complicated. Any 
misclassification will probably be of random nature, because of the 
sequence of reporting, which would often bias the association toward 
the null. Besides this, we observed tendencies between timing of 
pubertal development and reproductive health. Moreover, there were 
relatively high correlations between the three pubertal indicators 
ranging from 0.42 to 0.63, and our data on onset of pubertal indicators 
are comparable to those in previous studies with regard to the age 
span.27,29–34

The retrospectively collected data led to missing data, and we 
addressed this using multiple imputation. In complete case analyses, a 
substantial proportion of the study population is excluded, which can 

lead to selection bias and loss of precision and power.26 We reasoned 
that information on age at puberty was missing at random. Further, 
we assessed the robustness of this approach by performing complete 
case analyses and sensitivity analyses, in which the same associations 
were observed.

As men in this study were young, one could question their 
sexual maturity, when providing semen samples. Nonetheless, in a 
Danish study from 2005, 158 Danish men (mean age of 19.1 years 
at entry) were followed for 4 years and no significant changes in 
semen quality were observed.35 Likewise, Janczewski and Bablok 
found that the majority of boys had normozoospermia 21 months 
after the first ejaculation.36 This indicates that our participants 
were expected to be sexually mature which adds to the validity of 
our findings.

Although the possible decline in semen quality in Western 
countries37 has led to an extensive research focus on risk factors for 
poor semen quality, only relatively few have been established. Altered 
pubertal timing has been associated with impaired health in adult 
life38 and a number of serious adult diseases, e.g., testicular cancer,39 
breast cancer,40 insulin resistance, and obesity,41 indicating that fetal 
programming of adult disorders may be mediated by puberty. If this 
association is true, it has public health interest.

The biological mechanism of the association remains unknown. 
In boys with delayed puberty, the testosterone peaks later, and it may 
never reach the same levels as boys with earlier timed pubertal onset. 
Consequently, lower testosterone levels could, in turn, lead to impaired 

Table 3: Adjusted percentage difference (95% CI) from reference group (<13 years) for reproductive hormones according to age at indicators of 
pubertal development, imputed dataset (n=320)

Age groups 
(year)

Distribution (%) Testosterone (nmol l−1)f Estradiol (nmol l−1)f FSH (IU l−1)f LH (IU l−1)f SHBG (nmol l−1)f Inhibin B (pg ml−1)f

First nocturnal 
emission

<13 31 Reference Reference Reference Reference Reference Reference

13–14 30 −6.5 (−17.0; 5.2) −4.8 (−16.6; 8.8) 6.1 (−16.6; 35.1) −13.8 (−27.3; 2.3) −2.7 (−14.3; 10.4) −8.5 (−20.7; 5.7)

>14–15 22 −10.5 (−22.3; 3.1) −10.6 (−23.3; 4.3) 4.1 (−20.3; 36.0) −8.6 (−24.5; 10.7) −5.5 (−18.2; 9.1) −12.6 (−25.8; 2.9)

>15 17 −7.4 (−21.9; 9.8) −2.1 (−17.5; 16.1) 14.6 (−15.3; 55.1) −9.9 (−27.9; 12.7) −3.4 (−17.9; 13.6) −21.3 (−35.4; −4.3)

Estimated 
difference 
per year

0.98 (0.94; 1.02) 0.99 (0.96; 1.04) 1.04 (0.96; 1.12) 0.97 (0.92; 1.03) 0.99 (0.95; 1.03) 0.94 (0.90; 0.99)

Start of pubic 
hair growth

<13 29 Reference Reference Reference Reference Reference Reference

13–14 33 −1.3 (−11.9; 10.7) −4.2 (−16.7; 10.1) 1.2 (−19.5; 27.1) −10.6 (−23.9; 5.1) −0.6 (−12.3; 12.7) −4.7 (−17.5; 10.1)

>14–15 23 −10.5 (−21.7; 2.3) −9.0 (−22.4; 6.7) −1.1 (−25.4; 31.2) −15.2 (−30.2; 3.0) −2.8 (−16.1; 12.7) 0.5 (−15.6; 19.7)

>15 15 −13.4 (−26.0; 1.2) 0.2 (−16.3; 19.8) −2.0 (−28.6; 34.5) −18.7 (−34.8; 1.4) −12.5 (−26.2; 3.8) −1.5 (−19.9; 21.1)

Estimated 
difference 
per year

0.95 (0.92; 0.99) 1.00 (0.95; 1.04) 0.99 (0.91; 1.07) 0.94 (0.89; 0.99) 0.96 (0.92; 1.00) 1.0 (0.95; 1.05)

First voice 
break episode

<13 16 Reference Reference Reference Reference Reference Reference

13–14 28 −3.6 (−15.2; 9.4) 0.6 (−14.7; 18.6) 2.9 (−19.8; 31.9) −11.1 (−26.0; 6.9) −4.2 (−17.1; 10.7) −1.9 (−17.3; 16.4)

>14–15 27 −6.7 (−18.1; 6.3) −5.3 (−19.7; 11.8) 9.9 (−14.9; 41.9) −15.0 (−29.4; 2.3) −6.7 (−19.8; 8.5) −5.1 (−20.5; 13.2)

>15 29 −15.3 (−25.8; −3.3) −11.8 (−25.5; 4.3) 5.8 (−17.7; 36.0) −15.4 (−29.4; 1.4) −11.7 (−23.9; 2.4) −3.7 (−19.2; 14.9)

Estimated 
difference 
per year

0.95 (0.92; 0.99) 0.97 (0.93; 1.01) 1.01 (0.96; 1.08) 0.96 (0.92; 1.01) 0.96 (0.93; 1.00) 0.99 (0.95; 1.04)

fAdjusted for maternal smoking during pregnancy (nonsmoker, past smoker, 1–4 cigarettes day−1, 5–10 cigarettes day−1, 11–15 cigarettes day−1, 16–20 cigarettes day−1 and 
>20 cigarettes day−1); maternal drinking during pregnancy (0 drinks week−1, 0.5–2 drinks week−1 and >2 drinks week−1); maternal prepregnancy BMI (<18.5, 18.5–24.9 and >24.9 kg m−2); 
the boys’ prepubertal BMI (divided into tertiles); socioeconomic status based on the highest ranking of job description or academic background between the mother and father at the 
time of pregnancy (white‑collar workers, blue‑collar workers, unemployed and students); and time of blood sample (before 12 am or after 12 am). BMI: body mass index; CI: confidence 
interval; FSH: follicle‑stimulating hormone; LH: luteinizing hormone; SHBG: sex hormone binding globulin
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sperm production in adulthood. This hypothesis is in line with our 
findings of both lower sperm concentration and lower testosterone 
levels among men with later pubertal development. This could indicate 
that the association is related to the pituitary or central nervous system 
level, but this is only speculative and there is very limited literature 
on this subject. To the best of our knowledge, the association has not 
been studied in animals.

One might also speculate whether the association could be a 
result of an underlying genetic profile or unknown environmental 
exposures, causing both later pubertal onset and poorer reproductive 
health.

CONCLUSION
Our results point toward an association between later age at pubertal 
development and lower semen quality in young adult life. Future studies 
with prospectively collected information on puberty are warranted to 
conclude on the importance of timing of puberty with regard to male 
reproductive health later in life.
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