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STUDY QUESTION: Can we identify diurnal oscillations in human semen parameters as well as peak times of semen quality?

SUMMARY ANSWER: Human semen parameters show substantial diurnal oscillation, with most parameters reaching a peak between
1100 and 1500 h.

WHAT IS KNOWN ALREADY: A circadian clock appears to regulate different physiological functions in various organs, but it remains
controversial whether diurnal rhythms occur in human semen parameters.

STUDY DESIGN, SIZE, DURATION: The medical record of a provincial human sperm bank (HSB) with 33 430 semen samples col-
lected between 0800 and 1700 h from 1 March 2010 to 8 July 2015 was used to analyze variation in semen parameters among time points.
A laboratory study was conducted to collect semen samples (n¼ 36) from six volunteers at six time points with identical time intervals
(2 days plus 4 h) between 6 June and 8 July in 2019, in order to investigate the diurnal oscillation of semen parameters in vivo, with a strictly
controlled abstinence period. Therefore, the sperm bank study with a large sample size and the in vivo study with a strictly controlled absti-
nence period in a 24-h time window could be compared to describe the diurnal rhythms in human semen parameters.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Samples were obtained from potential HSB donors and from participants in
the laboratory study who were volunteers, recruited by flyers distributed in the community. Total sperm count, sperm concentration, se-
men volume, progressive motility and total motility were assessed using computer-aided sperm analysis. In addition, sperm chromatin in-
tegrity parameters (DNA fragmentation index and high DNA stainability) were assessed by the sperm chromatin structure assay, and
sperm viability was measured with flow cytometry in the laboratory study.

MAIN RESULTS AND THE ROLE OF CHANCE: The 33 430 samples from the HSB showed a temporal variation in total sperm
count, sperm concentration, semen volume, progressive motility and total motility (all P< 0.001) between 0800 and 1700 h.
Consequently, the eligibility of semen samples for use in ART, based on bank standards, fluctuated with time point. Each hour earlier/later
than 1100 h was associated with 1.14-fold risk of ineligibility. Similarly, the 36 samples taken during the 24-h time window showed diurnal
oscillation. With the pre-collection abstinence period strictly controlled, most semen parameters reached the most favorable level between
1100 and 1500 h.
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LIMITATIONS, REASONS FOR CAUTION: Some of the possible confounding factors, such as energy intake, which might influence
semen quality or diurnal rhythms, were not adjusted for in the analyses. In addition, the findings should be considered with caution because
the study was conducted in a specific population, time and place, while the timing of oscillations could differ with changing conditions.

WIDER IMPLICATIONS OF THE FINDINGS: The findings could help us to estimate semen quality more precisely and to obtain
higher quality sperm for use in ART and in natural conception.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by the National Natural Science Foundation of China
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Introduction
The circadian clock has been found to regulate different physiological
functions in various organs (Bass and Takahashi, 2010; Harfmann et al.,
2015; Roenneberg and Merrow, 2016; Douma and Gumz, 2018).
However, the male reproductive system might be an exception: it has
been shown that the hypothalamus, pituitary and probably Leydig cells
in the testis are regulated by circadian clocks (Sen and Hoffmann,
2020), but it remains controversial whether the spermatogenic cells as
well as sperm possess strong circadian rhythms (Alvarez et al., 2003;
Morse et al., 2003; Kennaway et al., 2012; Gotlieb et al., 2018;
PeterLin et al., 2019; Sciarra et al., 2020). Our understanding of circa-
dian clocks in male reproductive function lags behind the abundant
work on other physiological functions, especially female reproductive
function (Sen and Hoffmann, 2020). To date, it is still unclear whether
there is a diurnal rhythm in human semen parameters.

Some studies have explored the temporal differences in semen
parameters: for example, Cagnacci et al. (1999) recruited 54 males
and compared their semen samples ejaculated in the morning (0700–
0730 h) with those ejaculated in the afternoon (1700–1730 h); Xie
et al. (2018) collected 12 245 semen samples from men of subfertile
partnerships at different time points between morning and noon; and
Biljan et al. (2005) investigated the semen collected from 570 males in
the morning (0800–0900 h) and evening (1900–2000 h). Some of the
studies showed differences in semen parameters such as total sperm
count and sperm concentration, among different time points but these
studies could not be compared because the time windows of semen
collection were not identical. Valsa et al. (2016) firstly tried to analyze
the differences in some semen parameters throughout 24 h and
showed difference of semen parameters with time points.
Unfortunately, some important technical details, such as recruitment
criteria of subjects, control of the abstinence period and measurement
methods of the semen parameters were not reported. Therefore it is
unclear whether the observed diurnal variation is a true diurnal
rhythm. Moreover, abstinence period, a vital determinant of semen
parameters, is believed to highly correlate with the time point of se-
men collection, as it is plausible that ejaculation at later time points
may indicate more hours or minutes for spermatogenesis. However,
abstinence period was usually recorded in number of days, not hours,
based on the memory of the volunteers in the previous studies
(Cagnacci et al., 1999; Biljan et al., 2005; Xie et al., 2018). It is not
clear to what extent does the crude estimation of abstinence period
will bias the analysis of diurnal rhythms in semen parameters.

To address this gap, we performed a laboratory study to investigate
the diurnal rhythm of semen parameters in vivo, using semen samples
which were sequentially collected with a strictly controlled identical ab-
stinence period, and compared these results with 33 430 samples
from a human sperm bank (HSB) collected within a specific time win-
dow (0800–1700 h) with a variable abstinence period (Fig. 1).

Materials and methods

Ethics approval and consent to participate
The procedures in this study were approved by the ethics committee
of Reproductive Medicine, Tongji Medical College, Huazhong
University of Science and Technology, and the ethics committee of the
First Affiliated Hospital of Third Military Medical University. Written in-
formed consent was also obtained from each participant for use of
their semen in research.

Participants
In the study of HSB samples, the medical record of HSB was derived
from the Hubei HSB, which is the unique HSB in Hubei province, the
ninth largest province/municipality with about 58 million people in
China. Its running follows the standard requested by National Health
and Family Planning Commission of China, as all other Chinese HSBs
do (Chinese Ministry of Health, 2004a,b). Before the examination of
semen, the sperm donation candidates were screened with the follow-
ing criteria: Chinese nationality; 22–45 years old; height at least
165 cm; and educational attainment beyond high school. In the Hubei
HSB, 33 430 semen samples were provided between 0800 and 1700 h
from 1 March 2010 to 8 July 2015.

In the timing-controlled laboratory study, six male volunteers were
recruited by flyers distributed in Chongqing, China from 6 June 2019
to 8 July 2019, which bordered Hubei and shared similar climatic char-
acteristics and local residents’ lifestyle with Hubei. The inclusion crite-
ria were as follows: 18–49 years old; Chinese nationality; and local
residents who were able to finish the study without interruption. The
exclusion criteria were: history of incomplete orchiocatabasis, varico-
cele, mumps, testicular torsion, prostatitis or testicular hypoplasia syn-
drome diagnosed by urologist; history of inflammation, tuberculosis or
injury of urogenital system diagnosed by urologist; history of anemia,
hypertension, hyperlipidemia, cardiopathy, diabetes, epilepsy, thyroid
disease, chronic nephritis, tuberculosis, venereal disease, hepatitis B,
mental disease, high fever (in last 3 months), tumor or genetic disease;
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living or working in an environment with radioactive rays, high temper-
ature (over 37�C), low temperature (lower than 0�C), noise or shak-
ing of high intensity, high altitude, dust, pesticides, organic solvent,
heavy metal, occupational exposure of off-gas from engines, intimate
contact with livestock or pets. The sample size was based on a previ-
ous study (Valsa et al., 2016). When recruited in the study, each sub-
ject finished a questionnaire containing demographic information (age,
education level, family income) and lifestyle (consumption of tobacco,
alcohol, tea, coffee and cola—a flavored carbonated drink), based on
a questionnaire validated by us previously (Li et al., 2009), through a
face-to-face interview with the help of a well-trained interviewer. Body
weight and height were also measured to calculate BMI as body weight
(kg) divided by height squared (m2).

Control and record of sampling time
In the study of Hubei HSB samples, candidates were informed to re-
frain from ejaculating (abstinence period) for a period of 3–7 days be-
fore providing semen for examination. The candidate age (in years)
and abstinence period (in days) were recorded when semen samples
were provided. Ejaculating time points were also recorded to an accu-
racy of 1 h for analysis.

In the timing-controlled laboratory study, each volunteer provided
seven semen samples in the study center, with a strictly controlled ab-
stinence period (52 h, i.e. 2 days plus 4 h) between the sequential sam-
plings (Fig. 2). The first samples of each volunteer were withdrawn as
the abstinence periods were not precisely controlled. The remaining
six samplings were performed at different time points, at equal time
intervals (0300, 0700, 1100 1500, 1900 and 2300 h). We did not col-
lect all the samples in a single day with 4-h intervals (which is usually
done in the diurnal analyses of other physiological functions) because it
is not ethically acceptable and may put the volunteers in an unsafe situ-
ation. The effect of multiple sampling on semen parameters was not
considered in the present study, because a previous study had shown
that multiple sampling had no effect on the semen parameters as long
as the abstinence periods were identical for each sampling (Mayorga-
Torres et al., 2015).

Monitoring of environment and physical
parameters
In the study of Hubei HSB samples, monitoring data of daily average
temperature and humidity within the study period were obtained from
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Source:
Sperm donation candidates aged 22-46

years from Hubei Human Sperm Bank 

Abstinence period control:

Routine interval 

(3-7 days)

Time Window: 
10 hours (0800 hours-1700 hours)

Sample size:
33430 samples from 8485 candidates

Part A

Source:
Volunteers aged 20-25 years from 

Chongqing, China

Abstinence period control:

Strictly controlled interval

(52 hours)

Time Window: 
24 hours

Sample size:
36 samples from 6 volunteers

Part B

Diurnal rhythms of human semen quality

Figure 1. Study design for an investigation of diurnal rhythm in human semen quality. An analysis of samples from a human sperm
bank (HSB) (A) and a laboratory study of community volunteers with a strictly controlled identical abstinence period (B) was conducted to investi-
gate the temporal variation in semen parameters.
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..TuTiempo.net (http://en.tutiempo.net/climate/12-2010/ws-574940.
html), as reported by the weather station: 574 940 (ZHHH).

In the timing-controlled laboratory study, diurnal signals for the cir-
cadian clock of volunteers were measured before each semen sample
collection as follows: sleep duration of the volunteer was tracked with
a sleep log; ear temperature was measured by infrared ear thermome-
ter (Omron, China); heart rate and blood temperature were mea-
sured by electronic arm sphygmomanometer (Omron, China).
Monitoring data of the daily highest\lowest temperature and weather
were obtained from Tianqiwang (https://lishi.tianqi.com/chongqing/
202006.html) reported by China Meteorological Administration.

Semen collection, timing and measurement
The semen was collected via masturbation in isolated rooms near the
laboratories and was delivered to the laboratories immediately follow-
ing ejaculation. The ejaculation time accurate to the minute was
recorded and semen samples were kept in 37�C for liquefaction.
Semen analysis was completed within 60 minutes after ejaculation.

In the study of Hubei HSB samples, semen parameters were mea-
sured based on the World Health Organization manual (World Health
Organization, 1999) as described in detail elsewhere (Yang et al.,
2012; Rao et al., 2015). 10 ll of well-mixed semen was put on a
sperm-analyzing slide and transferred to the 37�C heating stage of au-
tomatic sperm analyzer WLJY-9000 (Weili Co Ltd, Beijing, China) for
analysis of sperm concentration, progressive motility and total motility,
following the instruction manual. The semen sample was examined im-
mediately at a magnification of �400. At least five areas or 200 sperm
were scanned by the computer for each sample before an estimation
of concentration or motility was given. Total sperm count was calcu-
lated as semen volume multiplied by sperm concentration. Semen vol-
ume was measured by weighing, assuming that the semen density was
1 g/ml. No substantial change in the materials or methods used hap-
pened during the study period. The internal quality control was imple-
mented with a quality control semen sample made with fresh semen

(at 15 million/ml and 50 million/ml). The certificated and well-trained
staff measured five quality control samples at different concentrations,
twice. Two-way ANOVA was carried out to estimate the system er-
ror and set up the target value. Thereafter, five quality-control samples
at different concentrations were measured twice to the calculate coef-
ficient of variation each month. A similar strategy was used for quality
control of sperm motility, except that the tool was the standard video.
The proficiency of the HSB was also surveyed by the key laboratory of
male reproductive health of the National Health Commission.

In China, semen samples donated to HSB would be selected for use
in ART. The semen samples considered to be suitable for use were
required to have semen volume >2 ml, sperm concentration >60 mil-
lion/ml and progressive motility >60% (Chinese Ministry of Health,
2004a).

In the timing-controlled laboratory study, the semen quality of vol-
unteers was measured as below, and as recommended by the World
Health Organization (World Health Organization, 2010). Sperm con-
centration and sperm motility parameters were measured by
Computer-aided Sperm Analysis (Suiplus Software Co., Ltd, Beijing,
China). 10 ll of well-mixed semen was put into a Disposable Sperm
Counting Plate (Suiplus Software Co., Ltd, Beijing, China), and scanned
by the computer-aided sperm analysis. At least six areas and 400
sperm were counted for estimation of sperm concentration. The sam-
ples with semen concentration over 50 million/ml were diluted to 2
to 50 million per milliliter with PBS, as suggested (Ashok et al., 2016),
and the fold dilution was recorded for the calculation of sperm con-
centration. Total sperm count was calculated as semen volume multi-
plied by sperm concentration. Semen volume was measured by
weighing, assuming that the semen density was 1 g/ml. Each semen
sample was measured by one certificated and well-trained technician.

Apart from the parameters measured in semen samples in HSB,
sperm DNA fragmentation index (DFI) and high DNA stainability
(HDS) were assessed by sperm chromatin structure assay, as previ-
ously described (Wang et al., 2018). Sperm viability was assessed using
a LIVE/DEAD Sperm Viability Kit (Thermo Fisher Scientific, USA).

1st Collection

7:00 11:00 15:00 19:00 23:00 3:00 7:00

2nd Collection 3rd Collection 4th Collection 5th Collection 6th Collection 7th Collection

2 days+4 hours 2 days+4 hours 2 days+4 hours 2 days+4 hours 2 days+4 hours 2 days+4 hours

Semen samples with 52-hour abstinent period Semen samples with inexact abstinent periods 

Analyze diurnal rhythm of human semen quality 

Figure 2. The pipeline for semen sample collection in the laboratory study. The first semen collection was at 0700 h, but the sample
was not included in the analysis because of the unclear abstinence periods. Individuals were asked to remain abstinent between the following semen
collections. Semen samples were then collected every 52 h at 1100, 1500, 1900, 2300, 0300 and 0700 h, which covered a circadian range of 24 h.
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Briefly, fresh sperm samples were diluted to 2 million/ml using Live
Cell Imaging Solution (Thermo Fisher Scientific, USA) plus 10% BSA,
and dyed with SYBR 14 and propidium iodide, following the manufac-
turer’s instructions. Then sperm viability was assessed using a
FACSCalibur system (FACSAria, BD Biosciences, CA, USA), and 104

sperm were counted in each sample.

Statistical analysis
In analysis of Hubei HSB samples, the Jonckheere–Terpstra test,
Kruskal–Wallis test and chi-squared test was used in univariate analysis
for the comparison of semen parameters collected at different time
points. Linear regression or logistic regression was used in multivariate
analysis with adjustment for abstinence period, age, month, year, tem-
perature and humidity. As the semen parameters were of skewed dis-
tribution, they were analyzed on a logarithmic scale. Their regression
coefficients were then back-transformed to obtain the percentage of
change in each parameter per unit (h) of time. Missing data was left as
it was because it accounts for a quite small proportion of the data
(<0.1&).

In the laboratory study, a mixed model or the Friedman test was
used to analyze the diurnal variation of semen parameters, ear tem-
perature, heart rate and blood pressure, with the intra-individual cor-
relation of semen samples from the same volunteers under
consideration. Semen parameters, ear temperature, heart rate and
blood pressure were standardized by calculating the z-score before
analysis. In addition, a cosinor analysis was performed to test whether
their temporal distribution fitted a cosinusoidal curve, which is a classi-
cal oscillation pattern of diurnal rhythm. The cosinor analysis method
provided a point and CI estimate of the cosine curve with the follow-
ing parameters: acrophase (measure of timing of the peak value recur-
ring in each cycle), double amplitude (2A, measure of extent of
predictable change within a cycle) and midline estimating the statistic
of the rhythm (MESOR, a rhythm-adjusted mean).

Statistical analyses were run with SPSS version 15.0 (SPSS Inc,
Chicago, IL, USA), R version 3.6.2 and Cosinor (http://www.circa
dian.org/softwar.html). A value of P< 0.05 was considered statistically
significant.

Results

Characteristics of the subjects
Demographic characteristics of HSB candidates and volunteers of labo-
ratory study are listed in Tables I and II. In the HSB, 33 430 semen
samples were provided between 0800 and 1700 h. The candidates
had a median age of 26 (interquartile range (IQR) 23–30) years and a
median abstinence period of 5 (IQR 4–7) days. In volunteers of the
laboratory study, six healthy young males provided seven semen sam-
ples with a strictly controlled abstinence period (52 h) between the se-
quential samplings (Fig. 2). The volunteers had a median age of
24 years (IQR 21–24). Each of them had a high school degree or a
bachelor’s degree and a family income of 30 000–800 000 RMB/year.
The volunteers were all had a low-level exposure to alcohol/cola/cof-
fee/tea/cigarette consumption, and shift work. There was no drastic
fluctuation in the climatic conditions within the study period (sunny,

cloudy or with a moderate to light rain.): the highest temperature
ranged from 23�C to 36�C, the lowest temperature ranged from
21�C to 25�C. A series of physical signals were recorded in the volun-
teers throughout the study period to allow us to understand the vol-
unteers’ comprehensive status of diurnal rhythm in the natural setting
during the study. As expected, clear diurnal signals were observed in
ear temperature, heart rate, blood pressure and sleep (Fig. 3). The
sleep duration looks consistent for the individuals throughout the study
period (Fig. 3).

Temporal variation in semen parameters
in the HSB samples
As shown in Fig. 4, statistically significant temporal variations were
found in total sperm count, sperm concentration, semen volume, pro-
gressive motility and total motility (all P< 0.001). All these parameters
showed an increase-to-decrease trend from 0800 to 1700 h. The peak
of total sperm count (median: 160.0 million, IQR 108.0–234.0 million),
and sperm concentration (median: 60.0 million/ml, IQR 40.0–66.0 mil-
lion/ml) occurred at 1100 h; the peak of total motility (median: 65.0%,
IQR 54.0–69.0%), progressive motility (median: 60.0%, IQR 48.0–
63.0%) and semen volume (median: 3.2 ml, IRQ 2.4–4.0 ml), achieved
at 1200 h. We also compared the proportion of semen samples that
was eligible for use in ART, based on bank standards, collected at dif-
ferent time points, and a similar temporal variation was observed, with
the peak at 1100 h (Fig. 4, P< 0.001). Then, we transformed the sam-
pling time points into the length of time away from the peak time, to
test whether there were any inverse U-shaped associations between
ejaculation time points and semen parameters. As shown in Fig. 5, the
timing length away from 1100 h was calculated for analysis of total
sperm count, sperm concentration and eligibility proportion, and the
timing length away from 1200 h was calculated for analysis of total mo-
tility, progressive motility and semen volume. Statistical significance of
an inverse U-shaped trend was achieved in all these parameters
(P� 0.001; Fig. 4). Multivariate analysis was performed with adjust-
ment for abstinence period, age, month, year, temperature and humid-
ity (Table III). The results indicated that each hour of the timing length
away from the peak time was associated with a 2.97% (95% CI: 2.38,
3.55; P< 0.001) lower total sperm count, a 2.45% (95% CI: 2.05,
2.85; P< 0.001) lower sperm concentration, a 0.31% (95% CI: 0.08,
0.53; P¼ 0.009) lower total motility, a 0.43% (95% CI: 0.17, 0.69;
P¼ 0.001) lower progressive motility and a 1.07% (95% CI: 0.58, 1.56;
P< 0.001) lower semen volume. In addition, each hour of the timing
length away from the peak time was also associated with a 1.14-fold
(95% CI: 1.12, 1.16; P< 0.001) risk of the ineligibility of the semen
samples.

Diurnal oscillation of semen samples in the
abstinence-controlled laboratory study
As shown in Fig. 6, significant time-dependent oscillations were found
in total sperm count (P¼ 0.041), sperm concentration (P¼ 0.035),
progressive motility (P¼ 0.006) and total motility (P¼ 0.009). The cu-
bic spline model showed that total sperm count, sperm concentration,
total motility and progressive motility peaked at 1100–1500 h, which
was similar to the results found from HSB samples (Fig. 6 and
Supplementary Table SI). Setting the standardized semen parameters

Diurnal rhythm of human semen quality 1731
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..at 1100 h as the reference, total sperm count was lower at 2300 h
(b¼�1.33; 95% CI: �2.27, �0.39; P¼ 0.010) and sperm concentra-
tion was lower at 0700 h (b¼�0.98; 95% CI: �1.92, �0.05;
P¼ 0.049), 1900 h (b¼�1.11; 95% CI: �2.04, �0.17; P¼ 0.027) and

2300 h (b¼�1.44; 95% CI: �2.37, �0.50; P¼ 0.005). Setting the
standardized semen parameters at 1500 h as the reference, sperm
progressive motility was lower at 0700 h (b¼�1.83; 95% CI: �2.71,
�0.96; P< 0.001), 1100 h (b¼�0.98; 95% CI: �1.85, �0.10;

............................................................................................................................................................................................................................

Table I Basic information of participants in a study of diurnal rhythm in human semen quality.

Demographic characteristics Candidates for the HSB Volunteers of laboratory study
(n 5 33 430) (n 5 6)

N Distribution* n Distribution*

Age (year) 33 399 26 (23, 30) 6 24 (21, 24)

Abstinence period (day) 33 430 5 (4, 7) 6 2.17 (2.17, 2.17)

Temperature (�C) 33 160 18.9 (11.2, 24.6)

Humidity (%) 33 160 71 (61, 81)

Ejaculation time point 33 250 12 (11, 14) 6 13 (6, 20)

BMI (kg/m2) 6 21.3 (20.0, 23.0)

Permanent shift work/Rotating shift work

Never 6 100%

Ever 0 0%

Current 0 0%

Education level

Junior school and below 0 0%

High school 2 33.3%

College and higher 4 66.7%

Family income (10 000 RMB/year)

<3 0 0%

3–8 3 50.0%

8–15 2 33.3%

15–80 1 16.7%

>80 0

Tobacco smoking

Never 6 100%

Ever 0 0%

Current 0 0%

Alcohol drinking

Never 3 50%

�Once/week 3 50%

>Once/week 0 0%

Tea intake

Never 6 100%

Ever 0 0%

Current 0 0%

Cola intake (bottles/week)

Never 2 33.3%

<3/week 4 66.7%

�3/week 0 0%

Coffee intake

Never 5 83.3%

�Once/week 1 16.7%

>Once/week 0 0%

*Data are presented as median (25th and 75th percentiles) or percentage. HSB, human sperm bank.
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..P¼ 0.037) and 2300 h (b¼�1.18; 95% CI: �2.06, �0.31; P¼ 0.013);
and sperm total motility was lower at 0700 h (b¼�1.70; 95% CI:
�2.59, �0.82; P< 0.001) and 2300 h (b¼�0.93; 95% CI: �1.82,
�0.04; P¼ 0.049). Furthermore, when converted to a 24-h time
point, an acrophase indicated a peak of semen quality at about 1100–
1500 h. Cosine analysis showed that the variation in total sperm count
fit a classic diurnal oscillation, with a cosinusoidal pattern that peaked
at about 1100 h (with 56.4% amplitude and �182� acrophase,
P¼ 0.030). Similarly, sperm concentration peaked at about 1100 h; to-
tal motility, progressive motility and viability peaked at about 1500 h.
In addition, the acrophase indicated a nadir of sperm DFI and HDS at
about 1100 h.

Discussion
The present study aimed to identify whether there is diurnal oscillation
of human semen parameters. In the large clinical record of 33 430 se-
men samples collected in a partial time window in an HSB, most se-
men parameters were found to reach their most favorable level at the
time point between 1100 and 1200 h. This temporal variation of se-
men parameters was replicated in a laboratory study. When collected
with an abstinence period that was strictly controlled, the semen
parameters still showed diurnal oscillation, and the peak time points
(1100–1500 h) were quite close to those observed in the HSB data,
Additionally, the laboratory study also found a nadir of sperm DFI and
HDS (unfavorable indicators reflecting sperm DNA damage) at about
1100 h, indicating that the peak of semen quality was at about 1100–
1500 h.

It has long been noted that semen samples ejaculated by the same
man have substantial intra-individual variation in semen parameters
(Castilla et al., 2006; Jarow et al., 2013). However, the origin of the
variation is not completely clear. The present results suggest that diur-
nal rhythm could be an important cause of the variation of semen
parameters (e.g. total sperm count at 1100 h was 12.1 million more
than total sperm count at 1700 h). Our results showed that total
sperm count, sperm concentration, total motility and progressive mo-
tility reached a peak at 1100–1500 h. Furthermore, our results also
showed that sperm DFI, an indicator of sperm DNA damage, reached

its lowest level at about 1100 h. The oscillation pattern is in concor-
dance with our previous analysis of 10 752 semen samples from a re-
productive medical center and 630 semen samples from a community
population (Ni et al., 2019).

Our study makes up for some deficiencies in current knowledge.
Previous studies on variation in semen parameters might not be com-
parable with each other owing to their narrow time windows. Our
study illustrates the oscillation of semen parameters in a circadian
range of 24 h. Our data support previous studies, which reported that
semen parameters oscillated at different time points (Valsa et al.,
2016; Xie et al., 2018; Shimomura et al., 2020), and may help us to
understand why Cagnacci et al. (1999) found higher semen parameters
in the afternoon than in the morning, while Biljan et al. (2005) found
no difference in semen parameters between morning and evening, sug-
gesting that these semen parameters were dynamically changing in
men, just as in other species (Giebultowicz et al., 1989; Qin et al.,
2014). The peak time point in these studies was several hours different
from that found in our study; this may be attributed to heterogeneity
in different populations, for example, in some studies the participants
were patients who might have different lifestyles (such as sleep–wake
circle) and a different status of diurnal rhythms. Moreover, the differ-
ence in the abstinence period among studies was considered as one of
the important biases in the assessment of semen parameters, which
was not taken into consideration in previous studies. Abstinence peri-
ods for semen samples were always recorded in days. Therefore, the
actual abstinence periods for semen samples collected at a later time
point could be underestimated by several hours or minutes, if the
recorded abstinence period (in days) and the time point of last ejacula-
tion were identical. In our analysis of 36 semen samples, abstinence
period (in hours) was strictly controlled and recorded accurately in or-
der to be identical for each volunteer and for each time point of se-
men collection, which may help to rule out the influence of abstinence
period as far as possible. This could also partly explain why the results
from the laboratory study and HSB data were not identical, although
the slight difference did not affect the overall conclusion that human
semen parameters reached a better quality at 1100–1500 h.

In animal models, a circadian rhythm of semen parameters has been
observed and has been partly attributed to regulation by a circadian
clock in extra-testicular ducts (Giebultowicz et al., 1989; Polanska

............................................................................................................................................................................................................................

Table II Demographic characteristics of the six male volunteers from Chongqing.

Demographic characteristics No. 001 No. 002 No. 003 No. 004 No. 005 No. 006

Age (years) 21 20 24 24 24 25

BMI (kg/m2) 19.8 22.9 22.3 20.0 20.2 23.3

Permanent shift work/rotating shift work Never Never Never Never Never Never

Education level High school High school College College College College

Family income (10 000 RMB/year) 8–15 15–80 3–8 8–15 3–8 3–8

Tobacco smoking Never Never Never Never Never Never

Alcohol drinking Never Never �once/week �once/week Never �once/week

Tea intake Never Never Never Never Never Never

Cola intake (bottles/week) Never Never <3 <3 <3 <3

Coffee intake Never �once/week Never Never Never Never

Diurnal rhythm of human semen quality 1733
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et al., 2009; Kotwica et al., 2011; Kotwica-Rolinska et al., 2013; Qin
et al., 2014; Zasiadczyk et al., 2015). Interruption of clock genes
impairs spermatogenesis (Schoeller et al., 2016; Li et al., 2018; Lin
et al., 2019) and the circadian rhythm of semen parameters in an ani-
mal model (Kotwica et al., 2009). In men, genetic polymorphisms of
clock genes were found to be associated with semen quality and risk
of infertility (Hod�zi�c et al., 2013; Shen et al., 2015; Calhaz-Jorge et al.,
2016), indicating a circadian clock in the human reproductive system.

These clues support the hypothesis that there should be a diurnal
rhythm in human semen parameters, which was observed in the pre-
sent study. Interestingly, the diurnal rhythm of semen parameters
seems to be in accordance with the rhythm of mating behavior of the
species. For example, mating activity in the gypsy moth (Lymantria dis-
par) generally occurs in darkness, when the sperm are released from
testis to vas deferens and seminal vesicles, and both the diurnal rhythm
of mating behavior and sperm release was controlled by a circadian
clock (Giebultowicz, Riemann, Raina and Ridgway, 1989; Silvegren
et al., 2005). This may maximize the success rate of conception.
Interestingly, while better semen quality was found at daytime in our
study, human intercourse most often takes place at night (Palmer
et al., 1982; Refinetti, 2005). This discrepancy might be because, for
most people today, the selection of intercourse timing is restricted by
strong external forces such as work and family schedules (Refinetti,
2005). Nevertheless, the short evolutionary time frame of modern
work/family practices may not be sufficient to impact the long-
established clock-controlled oscillation pattern of semen parameters.
This may explain why better semen quality was found at daytime in
our study.

Our findings may have important clinical significance. Only a mi-
nority (15–30%) of the volunteers visiting HSBs could meet the
strict screening standards (Akinrinola et al., 2003; Paul et al., 2006;
Jie et al., 2011; Guan et al., 2014). Most of the ineligible candidates
were rejected owing to unfavorable semen quality, especially inade-
quate sperm count and sperm motility (Paul et al., 2006; Jie et al.,
2011; Guan et al., 2014; Zhang et al., 2019). This high rejection
rate leads to a substantial resource wastage and a shortage of se-
men for assisted reproduction, while the demand continues to
grow (Guan et al., 2015). Obtaining semen with higher semen qual-
ity is a serious challenge for the sperm banks. Currently, the most
common method used to increase sperm in semen is prolonging
the abstinence period, however this may lead to a decrease of
sperm motility (Menegassi et al., 2015), mainly because of aging of
the accumulated sperm. The present study suggests that ejaculating
at ‘optimal’ time points could be a novel way to obtain more sperm
without the decrease in progressive motility; this may also be help-
ful to boost natural conception rates.

There are several main limitations in the present study. First, some
potential confounders were not available in the analysis of HSB sam-
ples. In China, running of the HSB is directed by law and staff were
only allowed to collect information according to the recruiting/exclud-
ing criteria. For example, possible confounders, such as energy intake,
which might influence the semen quality or diurnal rhythms, were not
adjusted for. The candidates were asked whether they have severe
cardiac disease and those with disease would be immediately ex-
cluded, with no examination of semen quality. The conditions were
similar for information on heavy smoking, alcohol addiction and medi-
cation. Hence, the characteristics of the study subjects were relatively
homogeneous, and generalizability of the findings may be restricted.
Second, candidates for the HSB were screened by height, education
and age, and were more likely to have low-to-moderate economic sta-
tus (as the HSBs would provide them compensation). Third, the volun-
teers in the abstinence-controlled study were all young, and routinely
stayed awake, to about 0100 h, during the study (Fig. 3). Their sleep
pattern suggested a late chronotype, like most young men, but it might
not be most representative of the general population, especially for
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Figure 3. The diurnal signature of six volunteers. Time-
dependent patterns of standardized ear temperature (A), heart rate
(B), blood pressure (C and D) and the log of sleep (E) showed a
clear diurnal signal in the six volunteers. Setting the semen parame-
ters at 1100 h as the reference, a mixed model was used to analyze
the diurnal variation of these signals. The bars of different colors in
panel E represent the average sleep periods (from sleep to awaken-
ing) of each volunteer. Lines marked with starting points and terminal
points represents sleep periods of each day. The Friedman test was
used to analyze variation of the sleep/wake-up time point during the
study.
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Figure 4. Temporal variation of the semen parameters in samples from potential human sperm bank donors (n 5 33 430). The
figures are based on a cubic spline model. The red lines represent the change of semen quality from 0800 to 1700 h, and the shadowed area repre-
sents the 95% CIs. Tests for inequivalence among different time points were performed using Kruskal–Wallis test or chi-squared test. Tests for U-
shaped association between semen parameters and the timing length away from the peak time were performed using the Jonckheere–Terpstra test
or chi-squared test.
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Figure 5. Calculation of the timing length away from 1100 h. To test whether there is a turning point at 1100 h for the association between
ejaculation time point and the semen parameters (i.e. a positive association before 1100 h and a negative association after 1100 h), timing length
away from 1100 h was calculated. For example, 0800 h is 3 h away from 1100 h, and 1700 h is 6 h away.
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.
those of more advanced age. This circadian characteristic may have an
effect on oscillation pattern of their semen parameters. Fourth, it is in-
teresting that the peak time of some semen parameters over 24 h
found in this study differed from a previous study (Valsa et al., 2016).

Since some technical details of semen analysis (e.g. abstinence period,
sampling method) and the subjects’ overall status of diurnal rhythm,
such as sleep–wake cycle or other physical signs of a circadian rhythm,
were not reported in that study, it is difficult to identify the reasons
for the difference between the two studies. Further studies are needed
to reveal the potential factors affecting the peak time of the diurnal os-
cillation in semen parameters. Fifth, the 24-h oscillation curve of sperm
count in our study illustrated the relative difference, not the accumulat-
ing change of semen parameters among different time points, because
the abstinence periods were identical. For example, a man may obtain
more sperm at time points later than 1500 h because the sperm could
still be released from the testis at a slower speed. Sixth, the study was
observational, so reverse causation cannot be ruled out although it
appears unlikely that the semen parameters would affect the time
when a man provided semen.

In summary, based on an analysis of a large number of HSB samples
and a laboratory study with a strictly controlled abstinence period,
we have shown that human semen parameters exhibit substantial
diurnal oscillation during 24 h. Most semen parameters reached the
most favorable level between 1100 and 1500 h. The findings should
be considered with caution because the study was conducted in a
specific population, time and place, while the timing of oscillations
could differ with changing conditions. Considering the importance of
semen parameters in successful pregnancy and the shortage of

......................................................................................................

Table III Multivariate analysis of the association between
timing length away from the peak time and semen
parameters, based on samples from candidates for the
human sperm bank.

N Percentage change (95% CI) P-value

Total sperm counta 32 561 �2.97 (�3.55, �2.38) <0.001

Sperm concentrationa 32 576 �2.45 (�2.85, �2.05) <0.001

Progressive motilityb 32 522 �0.43 (�0.69, �0.17) 0.001

Total motilityb 32 534 �0.31 (�0.53, �0.08) 0.009

Volumeb 32 660 �1.07 (�1.56, �0.58) <0.001

Analyzed with linear regression (total sperm count, sperm concentration, progressive
motility, total motility and volume) adjusted for abstinence period, age, month, year,
temperature and humidity.
aThe association of the timing length away from 1100 h and semen parameters were
analyzed.
bThe association of the timing length away from 1200 h and semen parameters were
analyzed.
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Figure 6. Diurnal rhythm of semen parameters in the six volunteers. The X-axis represents ejaculation time points. The first column
(left) shows time-of-day dependent differences in total sperm count, semen volume, sperm concentration, total motility, HDS, DFI and sperm viability
(n¼ 6), and the Y-axes show regression coefficients, using a mixed model. The middle column shows the fitness of the semen parameters with a cosi-
nusoidal curve and the estimated oscillation phase, including the peak time point. The six columns on the right show the variation in standardized se-
men parameters of each volunteer. HDS, high DNA stainability; DFI, DNA fragmentation index.
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eligible semen for assisted reproduction, our findings dmerit validation
in future studies.
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Supplementary data are available at Human Reproduction online.
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