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Abstract    
Background: Processing of human semen samples is essential for the use of sperm in assisted 
reproductive technology. This study examined the effect of density gradient centrifugation (DGC) and 
processing time on human sperm apoptosis.  
Methods: A total of 71 males presenting to Concept Fertility Centre were classified as fertile or subfertile 
according to World Health Organization reference limits. Sperm apoptosis levels in neat semen samples 
were compared to sperm processed via DGC using Annexin-V flow cytometry (n =51). The effect of 
delaying processing and extended incubation time post-processing on apoptosis was also determined (n 
=20). 
Results: Processing increased the proportion of live sperm and decreased the proportion of early and late 
apoptosis for both fertile and subfertile males. Increasing incubation time prior to semen processing 
significantly decreased the proportion of live sperm, and significantly increased the proportion of late 
apoptotic sperm. Incubating samples post-processing was similarly associated with decreased 
proportions of live sperm and increased proportions of late apoptotic sperm after 60 minutes.  
Conclusion: The results of this study indicate that processing selects a population of sperm with lower 
levels of apoptosis and delaying processing may be detrimental to sperm quality by increasing the 
proportion of late apoptotic sperm. 
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Introduction    

 
Semen processing is essential in Assisted 

Reproductive Technology (ART) to separate 
sperm from seminal fluid and isolate motile and 
morphologically normal sperm.  One of the most 
commonly used methods of semen processing 
is density gradient centrifugation (DGC).  
Despite the effectiveness of DGC in isolating a 
population of progressively motile sperm with a 
low fraction of DNA damage, studies have 
shown it may have a negative impact on sperm 
quality (Aitken and Clarkson, 1988; Agarwal et al 
1994; Aitken et al 2010). Agarwal et al (1994) 
showed that repeated centrifugation during 
sperm preparation techniques led to an increase 
in reactive oxygen species (ROS) production by 

spermatozoa. More recently Aitken et al (2014) 
has shown that it is the media used in DGC that 
induces oxidative sperm DNA damage.   

 
The time taken to process semen may also 

influence sperm quality post-processing and 
time from processing to insemination can 
negatively impact pregnancy rate. Koyun et al 
(2014) showed that a greater post-processing 
incubation time was negatively correlated with 
both sperm count and progressive motility. 
Yavas and Selub (2004) demonstrated that intra 
uterine insemination (IUI) outcome is enhanced 
by having shorter intervals between semen 
collection and semen processing, and semen 
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processing prior to IUI. In a larger study of 882 
IUI cycles Fauque et al (2014) showed that the 
optimal incubation time between processing and 
insemination was 40-80 minutes with pregnancy 
rates decreasing as time increased.  However, 
neither of these studies investigated the 
underlying molecular mechanisms. 

 
Growing attention has been paid to apoptosis 

as a measure of sperm quality at the molecular 
level (Perticarari et al 2007; Ricci et al 2009).  A 
negative relationship between sperm apoptosis, 
count, motility and normal morphology has been 
reported (Oosterhuis et al. 2000; Hoogendijk et 
al. 2009). Ricci et al (2009), using SYTO 16 
fluorescence with flow cytometry, found that 
DGC is able to select a population of sperm with 
low levels of apoptosis in men with effectively 
normal semen parameters.  Whether DGC is as 
effective in removing apoptotic sperm in men 
with sub-fertile parameters is unclear.  The aims 
of this study therefore were to (1) determine the 
effect of semen processing on sperm apoptosis 
in males with fertile and sub-fertile semen 
parameters, (2) to investigate the effect of 
delaying processing time and (3) to investigate 
the effect of increasing incubation time post-
processing.  
 

Materials and Methods 
 
Study population 

The study population consisted of a total of 71 
men presenting to Concept Fertility Centre, 
Western Australia for fertility treatment between 
2015 and 2016. All men provided informed 
consent for use of their excess semen remaining 
after clinical use. The study was reviewed and 
approved by the Human Research Ethics 
Committee at The University of Western 
Australia (study approval reference number: 
RA/4/1/7403). 

 
Samples were collected by masturbation into 

non-toxic, sterile containers. At the time of 
collection, participants recorded on a form, their 
age, the number of days of ejaculatory 
abstinence and whether the whole semen 
sample was collected into the container. If a 
male did not entirely ejaculate into the container, 
the sample was excluded.  

 
Samples were consecutively allocated to one 

of three studies: study one comparing apoptosis 
levels before and after processing in sub-fertile 

and fertile males (n = 51); study two 
investigating the effect of a 60 minute delay to 
commencement of processing in fertile males (n 
= 10) and study three, investigating the effect of 
extending incubation time post-processing (n = 
10).  

 
Semen analysis 

Standard semen analysis was performed 
according to the World Health Organization 
protocol 5th Edition (WHO 2010). The semen 
analysis parameters included semen volume, 
total sperm number, sperm concentration, 
progressive motility and sperm morphology. 

 
Fertility status 

Participants’ samples were classified as fertile 
or sub-fertile according to World Health 
Organization guidelines (WHO 2010). If one or 
more parameter was below the lower reference 
limit, the sample was classified as sub-fertile. If 
all parameters were above the lower reference 
limits, the sample was classified fertile. Study 
one included samples classified as sub-fertile 
and fertile whereas studies two and three only 
included samples classified as fertile in order to 
investigate the effects of processing time only. 
 
Sample preparation 

Following ejaculation, semen samples were 
allowed to liquefy at room temperature for 
exactly 30 minutes. For study two, aliquoted 
samples were left as above prior to the 
commencement of processing after which they 
were stored in a CO2 (5%) incubator at 37°C to 
mimic ART sperm sample processing. For Study 
three, the samples were left at room 
temperature for exactly 30 minutes prior to being 
processed. Post-processing, samples remained 
at room temperature, mimicking IUI procedures.  

  
Double density gradient centrifugation 

In a conical tube, 1ml of 80% PureSperm 
solution was layered under 1ml of 40% 
PureSperm solution (NidaCon Laboratories AB, 
Sweden) and 1ml of semen layered on top of the 
gradient, while maintaining a sharp interface 
between solutions. Samples were centrifuged at 
300g for 15 minutes. The pellet was then 
retrieved and washed in 2ml of Quinn’s 
Advantage Medium with HEPES (Origio, 
Denmark) (HTF) in a conical tube at 600g for 5 
minutes. Following centrifugation, the volume of 
the solution was reduced to 1ml and the pellet 
resuspended.   
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Effect of semen processing on sperm 
apoptosis in fertile and sub-fertile men 
(Study One) 

Following a semen analysis performed as 
above, the samples were separated into a neat 
aliquot and a processed aliquot. The processed 
aliquot underwent double density gradient 
centrifugation. Both aliquots (neat and 
processed) were analysed for Annexin-V binding 
using flow cytometry. 

  
Sperm apoptosis - Annexin-V assay 

Sperm apoptosis was measured using 
Annexin-V flow cytometry following the 
manufacturer’s protocol. Samples for analysis of 
apoptosis were diluted to 0.5 million/mL using 
HTF. 100μL of Annexin-V and Dead Cell 
Reagent (Merck Millipore, Germany) was added 
to 100μL of the two aliquots of diluted sperm and 
incubated for 20 minutes in the dark according 
to the manufacturer’s instructions. Annexin-V 
binding to phosphatidylserine was measured 
using a Muse Cell Analyzer flow cytometer 
(Merck Millipore, Germany). The inclusion of the 
vitality marker 7-aminoacetinomycin D (7-AAD) 
was used in conjunction with Annexin-V to allow 
for the specific detection of the progressive 
stages of apoptosis such that proportions of live 
(Annexin-V negative,  7-AAD negative), early 
apoptotic (Annexin-V positive, 7-AAD negative) 
and late apoptotic sperm (Annexin-V positive, 7-
AAD positive) were determined. 

 
To set the live/dead threshold gates on the 

Muse Cell Analyser, a processed semen sample 
was run through the Muse Cell Analyser.  The 
remaining sample was plunged into liquid 
nitrogen, killing all the sperm cells. This sample 
was then run through the Muse Cell Analyzer 
and live/dead gates were set.  

 
Effect of delayed processing on sperm 
apoptosis (Study Two)  

Neat samples were immediately separated 
into two aliquots after ejaculation; aliquot A and 
aliquot B and incubated as above. The timing of 
processing of aliquot A followed that of WHO 
(2010) and Fleming and Cooke (2008).  
Apoptosis was measured in the neat aliquot A at 
30 minutes immediately prior to the start of 
processing. Processing was completed by 60 
minutes and a second apoptosis measure was 
obtained. A third apoptosis measure was taken 
at 120 minutes representing the time the 
processed sample would be used in an 

insemination procedure. The whole sequence 
was delayed by one hour for aliquot B.  Thus, 
apoptosis was measured in the neat sample at 
90 minutes prior to the start of processing. 
Processing was completed by 120 minutes and 
apoptosis was measured immediately thereafter 
and again at 180 minutes representing 
insemination time. 

 
Effect of incubation time on sperm apoptosis 
in the processed sample (Study Three) 

Samples were prepared as above. Apoptosis 
was measured at 30 minutes and sample 
processing commenced. Processing was 
completed by 60 minutes. Apoptosis was 
measured in the processed samples at 60, 120, 
270 and 390 minutes.  
 
Statistical analyses 

Statistical analyses were conducted using 
SPSS (Version 24, SPSS INC., Chicago, IL, 
USA). P-values of < 0.05 were considered to be 
statistically significant. In study one, two-way 
ANOVAs with repeated measures were used to 
determine any interaction between fertility status 
and semen processing on sperm apoptosis 
levels. If a significant interaction was observed 
paired and unpaired T-tests were conducted to 
determine the source of the interaction. To 
investigate the effect of a one hour delay of 
processing on sperm apoptosis levels in study 
two, a doubly repeated measures ANOVA was 
used. Study three used a one-way repeated 
measures ANOVA to assess changes in levels 
of apoptosis before and after processing. For all 
repeated measures ANOVA where the 
Mauchly’s Sphericity test was violated, the 
Greenhouse Geisser correction for P-values was 
used. Where the F value indicated significant 
variation among time points, the least significant 
difference (LSD) test was used to detect the 
source of the difference. 
 

Results 
 

Table 1 summarizes the patient 
characteristics for Studies One, Two and Three. 

 
DGC processing and sperm apoptosis for 
sub-fertile and fertile males (Study One) 

 
Samples classified as sub-fertile had a lower 

proportion of live sperm than fertile samples  
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Figure 1: Effect of fertility status and semen processing on sperm apoptosis.  
Mean percentage of (A) live, (B) early apoptotic sperm and (C) and late apoptotic sperm in the neat and processed 
samples for subfertile (n = 13) and fertile (n = 38) males (± SEM). 
 
* Difference between subfertile and fertile males (p<0.05, unpaired T-Test) 
Δ Change during processing (p<0.05, paired T-test). 

                    

                
Figure 2. Effect of increasing incubation time between ejaculation and semen 
processing on sperm apoptosis.  

Mean percentage of live (A), early apoptotic (B) and late apoptotic sperm (C) (± SEM)(n = 10). Ejaculation occurred 
at 0 minutes. Aliquots were immediately separated from initial sample volume and allowed to liquefy at room 
temperature for exactly 30 minutes prior to Annexin-V assays being performed at specific time points. Processing 
commenced for aliquot A at 30 minutes and was completed at 60 minutes. Processing commenced for aliquot B at 90 
minutes and was completed at 120 minutes. 
*
Difference between aliquots (p<0.05 doubly repeated measures ANOVA) 

-
Change during processing (p<0.05 doubly repeated measures ANOVA) 
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Figure 3. Effect of increasing incubation time of processed semen samples prior to use 
in ART procedures on sperm apoptosis.  
 

Figure shows mean percentage of live (A), early apoptotic (B), late apoptotic sperm (C) (± SEM) (n = 10).  
Ejaculation occurred at 0 minutes. Samples were allowed to liquefy at room temperature for exactly 30 minutes prior to Annexin-V 
assays being performed at specific time points.  
Processing was commenced at 30 minutes post ejaculation and completed at 60 minutes.  
One-way repeated measures ANOVA relevant significant comparisons:  
(A) a-b p < 0.001; b-cd p = 0.023; b-ce p = 0.010.  
(B) a-b p = 0.005.  
(C) a-b p < 0.001; b-c p = 0.015. 

 
 

Table 1. Participant characteristics.  
 
 

 Description n Age (years) Abstinence 
(days) 

Sperm conc. 
(M/mL) 

Volume (mL) Motile (%) Prog. Motile 
(%) 

Normal 
forms (%) 

Study One 
 

        

Subfertile 
 

13 39.5 ±7.4 4.2 ±3.3 25.0 ±28.6 5.4 ±2.7 47.9 ±24.2 79.8 ±15.2 7.4 ±10.1* 

Fertile 38 34.7 ±5.9 4.6 ±4.8 79.2 ±49.4 4.3 ±1.5 66.5 ±13.4 82.2 ±12.9 16.0 ±7.7
Δ 

Study Two 10 36.0 ±5.2 5.1 ±2.1 51.4 ±38 4.4 ±2.2 59.2 ±10.7 87 ±15.4 15 ±8.9 

Study Three 10 36.9 ±10.3 5.1 ±2.8 74.7 ±65.5 4.5 ±1.4 53.6 ±19.8 82.7 ±14.6 17.9 ±7.6  

Reduced sample sizes: * n = 5, Δ n = 28.. 
 
Mean ± SD age, abstinence, sperm concentration, ejaculate volume, total motile sperm, progressive 
motile sperm and normal sperm for Studies One, Two and Three. 
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before and after processing (F = 10.724, df = 1, 
49, p = 0.002).   Processing      increased     the 
proportion of live sperm in the sample (F = 
47.428, df = 1,49, p < 0.001) for both groups, 
with a greater increase for sub-fertile males 
(Interaction F =  5.099, df = 1, 49, p = 0.028). In 
sub-fertile samples, the mean (± SEM) 
proportion of live sperm increased from 51.72 ± 
5.04% in the neat fraction to 68.07 ± 4.84% in 
the processed fraction, and for fertile samples 
the live proportion increased from 66.82 ± 1.68% 
to 79.06 ± 2.2% (Figure 1A). 
 

The proportion of early apoptotic sperm 
decreased following processing in both sub-
fertile and fertile samples (F = 38.85, df = 1,49, p 
< 0.001). Sub-fertile samples had consistently 
higher levels of early apoptotic sperm than fertile 
samples (F = 7.08, df = 1,49, p = 0.011; Figure 
1B). 

 
On average, sub-fertile samples had a 

significantly higher proportion of late apoptotic 
sperm than fertile samples (F = 8.06, df = 1, 49, 
p = 0.007). Processing significantly reduced the 
proportion of late apoptotic sperm (F= 46.98, df 
= 1, 49, p < 0.001; Figure 1C). 

 
 

Effect of delaying processing on sperm 
apoptosis (Study Two) 

Delaying the start of processing by 60 
minutes significantly reduced the proportion of 
live sperm in aliquot B compared to aliquot A 
(processed with no delay), and this difference 
remained after processing (F = 9.211, df = 1, 9, 
p = 0.014). Processing increased the overall 
proportion of live sperm in both aliquots (F = 
5.032, df = 2, 18, p = 0.046; Figure 2A). 

 
The proportion of early apoptotic sperm did 

not differ between aliquots (F = 1.053, df = 1, 9, 
p = 0.332). Processing did not significantly 
reduce the proportion of early apoptotic sperm in 
either aliquot (F = 0.176, df = 2, 18, p = 0.735; 
Figure 2B). 

 
Aliquot B (processed after 60 minutes) had a 

significantly higher proportion of late apoptotic 
sperm compared to aliquot A, before and after 
processing (F = 15.828, df = 1, 9, p = 0.003). In 
both aliquots A and B, processing reduced the 

proportion of late apoptotic sperm (F = 14.465, 
df = 2, 18, p = 0.002; Figure 2C). 
 
Effect of increasing post-processing 
incubation time on sperm apoptosis (Study 
Three) 

There was a significant change in the 
proportion of live sperm over time (F = 18.545, 
df = 1.737, 15.633, p < 0.01) (Figure 3A). 
Processing significantly increased the proportion 
of live sperm in the samples (p < 0.001) from 
55.60 ± 3.1% to 71.82 ± 3.0%. Compared to 
immediately post-processing, the proportion of 
live sperm had declined significantly by 270 
minutes (p = 0.023; Figure 3A). 

 
There was a significant change in the 

proportion of early apoptotic sperm over time (F 
= 9.336, df = 1, 9, p = 0.014). Processing 
significantly decreased the proportion of early 
apoptotic sperm from 15.8 ± 1.1% to 11.2 ± 
0.7% (p = 0.005). The proportion of early 
apoptotic sperm remained stable post-
processing (Figure 3B). 

 
The proportion of late apoptotic sperm 

changed over time (F = 20.385, df = 1.276, 
11.483, p < 0.001). Processing significantly 
decreased the proportion of late apoptotic sperm 
from  23.3 ± 3.0%  to  12.4 ± 3.1% (p < 0.001). 
In processed  samples, the  proportion  of  late 
apoptotic  sperm  increased  significantly  in  the 
hour post-processing, that  is  from  60  minutes 
to 120  minutes  (p = 0.015;  Figure 3C)  and   
then remained stable. 

 

Discussion 
 

A key novel finding of the present study is that 
increasing semen processing time negatively 
impacts sperm quality by increasing sperm 
apoptosis. In accordance with previous studies 
(Oosterhuis et al, 2000; Hoogendijk et al, 2009; 
Ricci et al, 2009) we also observed that males 
with poorer semen parameters had a higher 
proportion of early and late apoptotic sperm and 
a lower proportion of live sperm compared to 
samples classified as fertile. While processing 
reduced apoptosis levels compared to that in the 
neat sample, it was not able to eliminate 
apoptotic sperm completely and thus samples 
from sub-fertile males continued to exhibit higher 
levels of apoptosis post-processing.  
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The effects of varying processing times on 
sperm quality has received little attention in the 
literature, yet is an important factor since 
laboratory workflow may vary due to clinical 
load, staffing and patient driven factors.  
Muratori et al (2003) observed that incubating 
semen samples prior to processing for 24 hours 
resulted in a doubling of the proportion of 
apoptotic sperm, however the clinical translation 
of this observation is limited since a 24 hour 
incubation period would rarely occur in an ART 
setting.  In our study, delaying the 
commencement of processing after ejaculation 
from 30 minutes to 90 minutes significantly 
increased the proportion of late apoptotic sperm 
in the pre-processed sample, and while DGC 
reduced the proportion of apoptotic cells in the 
processed fraction, it remained significantly 
elevated over samples which were processed 
without delay. Similarly, increasing incubation 
time of samples post-processing also resulted in 
increased apoptosis levels. It can be speculated 
that both these findings relate to oxidative 
stress. As sperm spend more time within 
seminal fluid prior to processing, they are 
exposed to increasing amounts of ROS 
produced by immature sperm and leukocytes, 
leading to oxidative damage (Aitken et al, 2010). 
While seminal fluid contains antioxidants which 
provide protection against the damaging effects 
of ROS (Oborna et al, 2009), extended 
incubation time may lead to an imbalance 
between ROS and seminal antioxidant capacity, 
resulting in oxidative stress (Agarwal et al, 2003; 
Safarnavadeh and Rastegarpanah, 2011; 
Khosrowbeygi et al, 2012), initiating the 
apoptotic pathway. Mature sperm cells 
themselves produce a variety of ROS, such as 
superoxide and nitric oxide ions (De-Lamirande 
et al. 1997; Aitken et al. 2010) which are 
functionally important when produced in small 
amounts allowing sperm capacitation (Guthrie 
and Welch, 2012).  Although sperm cells are 
suspended post-processing in media containing 
antioxidants, extended incubation may leave 
sperm prone to oxidative stress due to ROS 
exceeding the antioxidant capacity of the media 
(Aitken et al, 2010; Guthrie and Welch, 2012).   

 
Our finding suggests that prolonged sample 

incubation prior to, or after processing, may 
decrease the efficacy and success of ART 
procedures. This is supported by observations 

by Yavas and Selub (2004), who found that 
semen samples processed 31-60 minutes 
following ejaculation resulted in lower IUI 
pregnancy rates compared to samples 
processed 15-30 minutes post ejaculation.  
These authors also report that when IUI was 
performed within 30 minutes of completion of 
processing pregnancy rates were significantly 
higher than when IUI was > 60 minutes (Yavas 
and Selub, 2004). Whether these findings 
translate to in vitro procedures is not known, but 
based on our findings, semen samples for ART 
procedures should ideally be processed as soon 
as possible and then used in an insemination 
procedure within 60 minutes of processing to 
limit potential deleterious effects.  This accords 
with the WHO (2010) recommendation that 
semen should be left to liquefy for 15-30 minutes 
at room temperature, after which processing 
should occur and the recommendation of 
Fleming and Cooke (2008) that the sample 
should be used within 60 minutes for ART 
procedures. 

 
Despite processing decreasing the proportion 

of apoptotic sperm, it is evident that apoptotic 
sperm are still present post-processing. The 
inability of processing to remove apoptotic 
sperm completely may be due to the processing 
media. Aitken et al (2014) have shown that 
certain commercially available media are 
capable of inducing oxidative DNA damage. 
Although Aitken did not measure apoptosis, 
these combined findings suggest that 
processing protocols including time and the 
media used should be re-evaluated. 
Furthermore, this may be particularly relevant to 
ART since subfertile males present with reduced 
numbers of live non-apoptotic sperm. 

 
The Annexin V apoptosis assay identifies 

apoptosis in sperm based on the presence of 
phosphatidylserine (EPS) which is externalised 
to the plasma membrane of apoptotic sperm.  
When used in conjunction with Propidium Iodide 
(PI) staining, this assay can distinguish between 
viable, apoptotic or necrotic cells based on their 
plasma membrane permeability. An intact 
plasma membrane in viable or early apoptotic 
cells blocks PI, whereas a poorly integrated 
membrane in late apoptotic or necrotic cells 
allows PI to penetrate and stain the nucleus 
(Rieger et al, 2011). The two markers enable the 
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interpretation of viable (An-PI-), early apoptotic 
(An+PI-), late apoptotic (An+PI+) and necrotic 
(An-PI+) sperm subpopulations based on the 
assumption that EPS occurs in the early stage of 
apoptosis, followed by loss of membrane 
integrity and apoptosis or necrosis (Hingorani et 
al, 2011).  It has been debated that the 
externalisation of EPS might be related to sperm 
capacitation rather than apoptosis. This idea 
originated from the close association between 
EPS during capacitation and early apoptosis 
(Moustafa et al, 2004; Tavalaee et al, 2014).  
Tavalaee et al (2014) reported that the 
fertilisation rate in their study was positively 
correlated with a high percentage of An+PI- 
sperm, suggesting an ongoing capacitation 
process rather than early apoptosis, whereas an 
earlier study by Zhang et al (2008) observed 
reduced sperm motility in both An+PI- and 
An+PI+ sperm, which therefore questions the 
possibility of an ongoing capacitation process in 
An+PI- sperm. Similarly, Bejarno et al (2012) 
explained that capacitation and apoptosis have 
an opposite effect on sperm fertilising capacity. 

  
Sperm apoptosis assays, such as the 

Annexin-V have potential clinical use. Measuring 
apoptosis in the neat sample may assist 
infertility diagnosis, whereas apoptosis in the 
processed sample may help to predict ART 
outcomes. A recent study conducted by 
Talarczyk-Desole et al (2016) suggested that 
Annexin-V is able to predict fertilisation potential 
in in vitro fertilisation (IVF), but not 
intracytoplasmic sperm injection (ICSI). 
However, further research is required to 
determine the efficacy of the Annexin-V assay in 
predicting ART outcomes.  

 
This study is not without its limitations. Firstly, 

the use of a single DGC processing media may 
be a potential limitation if the composition of 
different media has varying effects. Secondly, 
we do not know whether the relationships 
observed between processing time and 
apoptosis in sperm will hold true in other 
processing protocols such as swim-up. Thirdly, 
we did not assess the effect of processing time 
on apoptosis in a subfertile group nor the effect 
on other markers of sperm quality. We speculate 
that the effects of processing time may be 
exacerbated in populations with poorer semen 
parameters. The measurement of other 

molecular markers should be used to determine 
the effect of processing on overall sperm quality. 

 
In conclusion, the results of this study indicate 

that DGC processing selects a population of 
sperm with lower levels of apoptosis, however 
does not completely eliminate apoptotic sperm. 
Increased processing time is detrimental to 
sperm quality. These findings suggest the need 
to re-evaluate semen processing protocols to 
optimize ART. 
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