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ABSTRACT  

Background: Sperm deoxyribonucleic acid fragmentation has been linked to 

decreased fertility. Magnetic activated cell sorting selects intact spermatozoa with 

optimal characteristics, utilizing specific membrane surface markers to remove 

apoptotic spermatozoa, reducing the proportion with deoxyribonucleic acid 

fragmentation. 

Objectives: To investigate the effect of magnetic activated cell sorting after density 

gradient centrifugation on sperm motility, morphology, and deoxyribonucleic acid 

fragmentation. 

Methods: A randomised controlled study including 45 male patients. Density 

gradient centrifugation (control) versus density gradient centrifugation with magnetic 

activated cell sorting (experiment) were compared using computer aided sperm 

analysis for sperm kinematics, RapiDiff staining for morphology, and a sperm 

chromatin dispersion test for sperm deoxyribonucleic acid fragmentation.  

Results: The experimental group showed significantly less sperm deoxyribonucleic 

acid fragmentation (p < 0.001) than the control. There were significant differences 

in Teratozoospermia Index, total sperm concentration and progressive motile 

concentration (all p < 0. 001), with comparable results for sperm motility, progressive 

motility, and normal forms (all p > 0.05). 

Conclusion:  Despite good motility and normal morphologic appearance, a 

spermatozoon may have fragmented deoxyribonucleic acid, and if used during in 

vitro fertilization could result in poor outcomes. Magnetic activated cell sorting 
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reduced both sperm deoxyribonucleic acid fragmentation and the average number 

of defects per abnormal spermatozoon without impairing sperm motility.  

Keywords:  

Sperm deoxyribonucleic acid fragmentation, density gradient centrifugation, 

magnetic activated cell sorting and apoptotic spermatozoa. 
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CHAPTER 1 

INTRODUCTION 

 Background  

Infertility is defined by the World Health Organization (WHO) as the failure to 

achieve a clinical pregnancy after a minimum of twelve months of regular 

unprotected sexual intercourse, as a result of an impaired reproductive system  

(Zegers-Hochschild et al., 2009). The rate of infertility amongst couples (where the 

woman is of childbearing age) ranges between 8% and 12% globally (WHO, 2010). 

The infertility rates among couples in Africa range between 8.6% and 21.5%, with 

the lowest rate in Eastern Africa and the highest in Southern Africa (Araoye, 2003). 

In South Africa, there has been a decline in the fertility rate from 6.4 children per 

female in 1960, to 2.66 and 2.4 in the years 2009 and 2018 respectively (Statistics 

South Africa, 2018).  

Males and females suffering from infertility (where no treatment of causes is 

available), rely enormously on Assisted Reproductive Technology (ART) as their 

treatment of choice, however the success rates of these procedures remain 

suboptimal (ASRM, 2004; Said et al., 2005a). According to the first South African 

ART registry report (Dyer & Kruger, 2012), the mean clinical pregnancy rate (CPR) 

per embryo transfer (ET) was 35.4% for patients who had undergone ART. Similar 

results have been reported elsewhere, with a mean CPR/ET of 35.08% for Latin 

America in the 2014 registry (Zegers-Hochschild et al., 2017). The global pregnancy 

rate (PR) which focussed on European and Asian countries reported rates of 26.1% 

in 2008 and 2009, and 25.4% in 2010 (Dyer et al., 2016). In Africa, the CPR per 
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aspiration was reported as 34.9% in 2013 and 31.7% in 2017 (Dyer et al., 2020). 

Specific to developed countries, estimates of 2-4% of births required the use of ART 

(Poenicke et al., 2010). Since 1978, more than nine million babies have been born 

as a result of in vitro fertilization (IVF), and it has been estimated that, in some 

European countries, up to 5% of all births are now a result of ART (WHO Progress 

Report, 2004).  

Approximately 50% of all reported ART treatment cycles are performed in Europe 

and in 2016 (the latest year for which figures are available), 918 159 treatment 

cycles were reported from 40 European countries. This compares globally with 

264 000 cycles in the United States of America and 81 000 cycles in Australia and 

New Zealand. According to the European Society for Human Reproduction and 

Embryology (ESHRE) ART fact sheet (2020), the rate of cycles performed in 

developed countries has increased by 5-10% per year. Spain performed 141 000 

treatment cycles in 2016, making it the most active country in Europe when 

compared to France (105 000 cycles), Germany (99 000 cycles), Italy (78 000) and 

the United Kingdom (68 000). However,  the reported cycle rate worldwide reveals 

Japan and USA as the most �³�R�I�I�L�F�L�D�O�O�\�� �D�F�W�L�Y�H�´�� �F�R�X�Q�W�U�L�H�V���� �K�D�Y�L�Q�J�� �S�H�U�I�R�U�P�H�G��

approximately 447 790 ART cycles in 2016 (Adamson et al., 2018). The need for 

efficient and innovative ART programs has increased rapidly and based on the 

treatment cycles performed worldwide, ART remains in high demand. It is, therefore, 

imperative that all treatment outcomes be optimized.  

 Assisted Reproductive Technologies  

�$�V�V�L�V�W�H�G�� �U�H�S�U�R�G�X�F�W�L�Y�H�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �K�D�Y�H�� �E�H�H�Q�� �G�H�I�L�Q�H�G�� �D�V�� �³�D�O�O�� �S�U�R�F�H�G�X�U�H�V�� �W�K�D�W��

include the in vitro handling of human oocytes, sperm, and embryos for the sole 



3 
 

 
 

�S�X�U�S�R�V�H�� �R�I�� �H�V�W�D�E�O�L�V�K�L�Q�J�� �S�U�H�J�Q�D�Q�F�\���´ (Zegers-Hochschild et al., 2009). This 

technology includes, however, �L�V�� �Q�R�W�� �O�L�P�L�W�H�G�� �W�R���� �³�,�9�)���� �L�Q�W�U�D�F�\�W�R�S�O�D�V�P�L�F�� �V�S�H�U�P��

injection (ICSI) and ET, gamete intrafallopian transfer (GIFT), zygote intrafallopian 

transfer (ZIFT), tubal embryo transfer, gamete and embryo cryopreservation, oocyte 

�D�Q�G���H�P�E�U�\�R���G�R�Q�D�W�L�R�Q�����D�V���Z�H�O�O���D�V���J�H�V�W�D�W�L�R�Q�D�O���V�X�U�U�R�J�D�F�\�´��(Zegers-Hochschild et al., 

2009). The mainstay of these technologies remains IVF and ET, whereby oocytes 

are aspirated and fertilized, with transcervical replacement of the resulting 

embryo(s) into the uterine cavity. The ET may be performed in the initial controlled 

ovarian stimulation (COS) cycle, or in a subsequent cycle using 

vitrified/cryopreserved embryos. Advances in the technology and successful 

cryopreservation now provide support for fertility preservation, genetic testing, 

optimization of embryo-endometrial synchrony, decreased risk of ovarian 

hyperstimulation syndrome (OHSS), and/or transfer of accumulated embryos to 

take place (Kaser et al., 2018).  

 Sperm processing in ART  

Successful assisted reproduction is somewhat dependent on the quality of the 

sperm sample used (Ombelet et al., 2003). In order for spermatozoa to be utilized 

in ART, the semen specimen must undergo a series of processes/preparation 

techniques (Beydola et al., 2013). The selection of optimal spermatozoa for any ART 

procedure will subsequently assist in fertilization, development to a live birth, and 

overall improvements in ART success rates (Henkel & Schill, 2003).  

The objective of processing semen is to yield a final sperm sample that is free from 

exogenous constituents, therefore allowing for only viable and mature spermatozoa 

to remain (Beydola et al., 2013; Franken, Claasens & Henkel, 1996). According to 
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Franken, Claasens and Henkel (1996), during the natural in vivo process of 

fertilization, the separation of viable spermatozoa from other constituents in the 

semen occurs once they migrate through the cervical mucus. Moreover, in natural 

conception, the spermatozoa will only combine partially with the last portions of the 

ejaculate controlled by the seminal vesicular fluid. It has been shown that the first 

fraction of the ejaculate contains a higher number of spermatozoa with better motility 

than the following fractions. When the semen is processed in the laboratory, the 

ejaculate is collected and mixed thoroughly. In addition, when semen is collected 

for ART, an enzyme-dependent increase in osmolality occurs, therefore increasing 

the exposure of spermatozoa to osmalility changes. It is therefore essential for the 

spermatozoa to be separated from the seminal plasma within 30 minutes of 

ejaculation. Delays in processing will diminish the potential for fertilization in vitro 

(Björndahl et al., 2010).  

Various sperm separation techniques have been established in ART to select motile 

spermatozoa that are potentially capable of fertilizing an oocyte, including swim up 

(SU), swim down, density gradient centrifugation (DGC), migration-sedimentation, 

as well as magnetic activated cell sorting (MACS) (Beydola et al., 2013; Sharma & 

Agarwal, 2020). Density Gradient Centrifugation is a reliable and widely preferred 

method of semen processing, as it can be performed on samples originating from 

the severest oligozoospermic, teratozoospermic, as well as asthenozoospermic 

semen specimens (Table 1.1). Two-layer DGC allows for effective separation of 

leukocytes and abnormal sperm, therefore recovering only mature and motile 

spermatozoa (Malvezzi et al., 2014).  
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1.3.1 Density gradient centrifugation  

Density gradient centrifugation is based on the principle that all abnormal, immature, 

non-viable, and all non-sperm cells express a different density to that of normal 

spermatozoa (1.06 �± 1.09 g/mL versus 1.10 g/mL or greater, respectively) 

(Takeshima et al., 2017). In addition, immature spermatozoa have a greater amount 

of cytoplasm and, therefore, will possess a lower density when compared to mature 

spermatozoa. The most functional spermatozoa will have the least cytoplasm and, 

therefore, the greatest density (around 1.12 g/ml) (Malvezzi et al., 2014; Yudiwati et 

al., 2017).  

The DGC protocol includes the use of density gradients and sperm washing 

medium. Once the semen sample is centrifuged, the seminal plasma, abnormal and 

non-viable spermatozoa, leukocytes, as well as cell debris are not able to pass 

through the higher density layer(s), and, therefore, remain isolated from any normal 

spermatozoa (Yudiwati et al., 2017). The fraction containing mature spermatozoa is 

further washed resulting in a final pellet containing viable sperm which will now be 

ready to be used for ART (Beydola et al., 2013).  

1.3.2 Utilization of DGC sperm in ART  

After applying the two-layer DGC sperm preparation technique, several parameters 

can be measured by means of a conventional semen analysis using light 

microscopy, including sperm concentration, motility, vitality and morphology (Said 

et al., 2005a). However, it is not possible to assess for the presence of deregulated 

programmed cell death, also known as apoptosis specific to spermatozoa, which 

may be considered responsible for poor fertilization and ultimately reduced 

laboratory and clinical outcomes that may occur in assisted reproduction (Esbert et 
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al., 2017; Paasch, Grunewald & Glander, 2007; Romany et al., 2017; Zhang et al., 

2018). The role of deregulated sperm apoptosis has been identified in several 

somatic diseases, however, this has yet to be well defined in the pathogenesis of 

male subfertility (Oehninger et al., 2003). In addition, the availability of more 

advanced ART techniques such as ICSI, has increased the probability of achieving 

a pregnancy in couples suffering from male infertility. Intracytoplasmic sperm 

injection is an ART procedure performed primarily for patients with poor sperm 

quality (asthenozoospermia, oligozoospermia, teratozoospermia, or 

oligoasthenoteratozoospermia) (Table 1.1).  

During the ICSI procedure, a single spermatozoon is selected from the sperm 

preparation and injected into an enzymatically denuded metaphase II stage oocyte. 

The decision as to which spermatozoon to select is predominantly based on motility 

as well as norm�D�O�� �V�S�H�U�P�� �P�R�U�S�K�R�O�R�J�\���� �+�R�Z�H�Y�H�U���� �³�L�Q�Y�L�V�L�E�O�H�´�� �D�Q�R�P�D�O�L�H�V�� �V�X�F�K�� �D�V��

deoxyribonucleic acid (DNA) damage, disrupted mitochondrial membrane potential 

(MMP), externalization of the plasma membrane phosphatidylserine (PS), and 

damaged chromatin are somewhat neglected, as the ICSI technique has shown to 

overlook these sperm characteristics. A defined pathophysiological diagnosis can 

�W�K�H�U�H�I�R�U�H�� �Q�R�W�� �E�H�� �P�D�G�H�� �D�Q�G�� �P�D�O�H�� �L�Q�I�H�U�W�L�O�L�W�\�� �F�R�Q�W�L�Q�X�H�V�� �W�R�� �U�H�P�D�L�Q�� �µ�L�G�L�R�S�D�W�K�L�F�¶�� �L�Q�� �W�K�H��

majority of cases (Bhasin, De Kretser & Baker, 1994; Oehninger et al., 2003; Said 

et al., 2005a; Sánchez-Martín et al., 2017). 

To address this, novel sperm preparation techniques such as MACS have been 

established to select intact spermatozoa with more defined and optimal 

characteristics (Nasr-Esfahani et al., 2008; Kheirollahi-Kouhestani et al., 2009; 

Razavi et al., 2010; Zeynep et al., 2016).  
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�$�F�F�R�U�G�L�Q�J���W�R���Y�D�U�L�R�X�V���V�W�X�G�L�H�V�����W�K�H���X�V�H���R�I���0�$�&�6���I�R�U���W�K�H���F�R�O�O�H�F�W�L�R�Q���R�I���³�$�Q�Q�H�[�Ln V-free 

�V�S�H�U�P�´���K�D�V���V�K�R�Z�Q���W�R���E�H���V�X�F�F�H�V�V�I�X�O�����J�L�Y�L�Q�J���U�L�V�H���W�R���D���E�H�W�W�H�U���P�R�U�S�K�R�O�R�J�L�F�D�O���V�S�H�U�P���\�L�H�O�G��

(reduced percentages of amorphous heads, acrosomal and midpiece defects as 

well as cytoplasmic droplets) and reduced EPS (Aziz et al., 2007; Grunewald, 

Paasch & Glander, 2001; Said et al., 2006; Tavalaee et al., 2012). 

 Problem Statement  

A possible primary reason for an unsuccessful ART procedure may be the inclusion 

of apoptotic spermatozoa during an in vitro method of insemination. Despite good 

motility and normal morphologic appearance, some spermatozoa may have 

fragmented DNA, disrupted membrane potential or abnormal chromatin, therefore, 

resulting in poor outcomes should they be selected and utilized.  

However, despite MACS showing a reduced level of apoptotic markers, increased 

fertilization, improved embryo development, and positive clinical pregnancy rates, 

further studies are required to evaluate the true efficacy, feasibility and potential 

risks involved with routinely implementing MACS in an ART laboratory protocol (Fu 

et al., 2009; Gil et al., 2013; Lundin, Bergh & Hardarson, 2001; Palermo, Munne & 

Cohen, 1994; Sakkas et al., 2004; Shoukir et al., 1997; Taylor et al., 1997; Zini et 

al., 2011). Moreover, despite these reports concluding that the use of MACS yields 

beneficial ART results when compared to other sperm processing methods, certain 

aspects of the technique remain debatable (Cakar et al., 2016). Thus, the question 

arises as to whether the routine application of MACS in conjunction with DGC would 

yield improved sperm parameters when compared to the conventional DGC semen 

processing method. 
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 Aim  

The aim of this study was to investigate whether the use of MACS in combination 

with the conventional two-layer DGC semen processing method would yield 

improved sperm parameters within the ART setting. 

 Objectives  

To optimize the integration of MACS in a standard two-layer DGC sperm preparation 

technique, therefore, allowing for a comparison between standard two-layer DGC 

and standard two-layer DGC with MACS to be made when investigating the 

following outcomes: 

�x total sperm concentration (M/mL);  

�x total sperm motility (%);  

�x progressively motile sperm concentration (M/mL);  

�x progressively motile sperm (%); 

�x morphology and teratozoospermia index (TZI); and 

�x DNA fragmentation  
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CHAPTER 2 

LITERATURE SURVEY 

2.1 Spermatogenesis  

During spermatogenesis, a mature spermatozoon is formed by means of a complex 

process involving proliferation, meiotic maturation, and subsequent differentiation of 

germ cells in the germinal epithelium lining the seminiferous tubules within the testis. 

Specific to humans, spermatogenesis has a duration of about 70 days (Aitken & 

Baker, 2013; Aitken et al., 2011).  

Following proliferation and differentiation, spermatogonia develop from primary to 

secondary spermatocytes and ultimately round spermatids (Hao, Ni & Yang, 2019; 

Sakkas et al., 2002). The round spermatids undergo a series of morphological 

processes that give rise to the formation of mature spermatozoa. These processes 

involve a sequence of mitosis and meiosis stages, modifications in cytoplasmic 

structures, and the replacement of somatic cell-like histones containing transition 

proteins. During the chromatin remodelling process, a nucleosome from a histone-

based structure is led to a protamine-based configuration, finally giving rise to a 

densely packaged chromatin (Hao, Ni & Yang, 2019; Hess & De Franca, 2009; 

Hewitson et al., 1999; Huszar, Zeyneloglu & Vigue, 1999). 

The main mechanism of spermatogenesis is regulated by both central and local 

hormones specifically follicle stimulating hormone (FSH) from the anterior pituitary 

and testosterone within the Leydig cells (FSH acts on the Sertoli cells to stimulate 

the androgen binding protein and inhibin, and testosterone is produced by the 

Leydig cells following stimulation by Luteinizing Hormone).  
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These hormones also play an integral role in regulating pathway-specific apoptotic 

genes and proteins rather than proliferation (Ruwanpura, McLachlan & Meachem, 

2010). Therefore, the germ cell death that occurs during spermatogenesis as well 

as the involvement that germ cell death has in cellular proliferation and 

differentiation, plays a critical role in determining the quality of the spermatozoa 

produced at the end of the entire process (Bejarano et al., 2012; Sinha-Hikim & 

Swerdloff, 1999).  

Several studies have shown that unprocessed human spermatozoa present with 

multiple abnormalities at the cytoskeletal, organelle and nuclear levels. It has been 

deduced that the chromatin of the mature sperm nucleus can be damaged and that 

such abnormalities have been shown to impair fertility (Barroso et al., 2009; 

Bejarano et al., 2012; Hewitson et al., 1999; Huszar, Zeyneloglu & Vigue, 1999; 

Manicardi et al., 1995). In support, Sakkas et al., (2002) concluded that the 

spermatozoa that had shown apoptotic markers may have been the portion of 

spermatozoa that escaped programmed cell death, which was linked to 

shortcomings in both the cytoplasm and nuclear remodelling that takes place during 

spermatogenesis.  

2.2 Reactive Oxygen Species and Oxidative Stress  

The excessive production of Reactive Oxygen Species (ROS) within the male 

reproductive tract has been shown to have several adverse effects on sperm 

structure, quality and function since spermatozoa are typically susceptible to ROS-

induced damage (Kamkar, Ramezanali & Sabbaghian, 2018; Saleh & HCLD, 2002). 

Several reports have shown that increased levels of ROS have been detected in 30 

to 40% of semen samples from infertile men, and that ROS present in seminal 
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plasma originates from endogenous and exogenous sources (Agarwal et al., 2014; 

Kothari et al., 2010; Padron et al., 1997).  

Semen is comprised of various cells including mature and immature spermatozoa, 

leukocytes and epithelial cells, with immature spermatozoa and leukocytes being 

the main sources of ROS in semen (Kamkar, Ramezanali & Sabbaghian, 2018). 

During infection, leukocytes, specifically monocytes and neutrophils, produce vast 

amounts of ROS. The adverse activity of superoxide dismutase (SOD) as well as 

increased levels of proinflammatory interleukin-8 have also been reported (Blake, 

Allen & Lunec, 1987; Tremellen, 2008).  

The exact mechanism(s) by which human spermatozoa generate ROS are not 

precisely understood (Armstrong et al., 2002), however, enzymes producing ß-

nicotinamide adenine dinucleotide phosphate (NADPH) have been shown to play a 

significant role. Failure in the remodelling of sperm components during an impaired 

spermatogenesis cycle can result in the development of morphologically abnormal 

spermatozoa with excess retained cytoplasm. The enzyme glucose-6-phosphate 

dehydrogenase (G6PD), which is present in residual sperm cytoplasm, is 

responsible for controlling the rate of glucose metabolization and intracellular 

availability of NADPH through the hexose monophosphate shunt (Aitken & De Iuliis, 

2009; Gomez et al., 1996). The electrons produced as a result, subsequently power 

the generation of ROS via the NADPH oxidative process (Agarwal & Said, 2005; 

Aitken et al., 1997). Research has shown that ROS causes electron leakage from 

actively respiring spermatozoa, mediated by intracellular redox activities (Aitken & 

Baker, 2013). 
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ROS production in spermatozoa may occur via: 

(1) the NADPH oxidase system at the level of the sperm plasma membrane; and/or 

(2) the nicotinamide adenine dinucleotide-dependent oxido-reductase reaction at 

the mitochondrial level. 

Spermatozoa are rich in mitochondria because a continuous energy supply is 

necessary for efficient sperm motility (Henkel, 2011).  

Certain physiological mechanisms require a minimal amount of ROS for normal 

function, such as sperm hyperactivation, capacitation, acrosome reaction and 

fertilization (Aziz et al., 2007). Spermatozoa are capable of reducing ROS by means 

of an antioxidant defence mechanism, allowing the protection of gonadal cells and 

mature spermatozoa against oxidative damage (Henkel, 2011). Therefore, to 

prevent the excessive production of ROS, there must be a balance between 

antioxidants and ROS production. When the levels of ROS surpass the total 

antioxidant capacity (TAC), oxygen and oxygen-derived oxidants are produced 

resulting in oxidative stress (OS) (Kamkar, Ramezanali & Sabbaghian, 2018; 

Trussell, 2013). OS is a condition reflecting the imbalance between the regular 

�L�Q�G�L�F�D�W�R�U�V���R�I���5�2�6���D�Q�G���W�K�H���E�L�R�O�R�J�L�F�D�O���V�\�V�W�H�P�V�¶���D�E�L�O�L�W�\���W�R���U�H�S�D�L�U���D�Q�\���G�D�P�D�J�H���D�Q�G���R�U��

apply its antioxidant defence mechanism (Agarwal et al., 2014).  

One of the initial cell types to show probable vulnerability to OS was the 

spermatozoon. Spermatozoa are unable to recover from any damage caused by OS 

due to the absence of essential cytoplasmic-enzyme repair systems. Spermatozoa 

show degrees of vulnerability to OS because the sperm cell membranes are high in 

polyunsaturated fatty acids (PUFAs), making them increasingly vulnerable to 

oxygen-induced damage resulting in lipid peroxidation (LPO). Subsequent to LPO, 
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the decrease of intracellular adenosine tri-phosphate (ATP) causes axonemal 

damage, decreased sperm viability, and increased sperm midpiece morphological 

defects, ultimately resulting in decreased sperm motility (Bansal & Bilaspuri, 2011; 

Gharagozloo & Aitken, 2011). Therefore, semen presenting with dysfunctional 

spermatozoa significantly increases ROS production, which affects its mitochondrial 

function, and subsequently sperm function such as motility. Furthermore, due to the 

ability of ROS to permeate intracellular membranes, DNA, proteins and lipids will in 

turn be adversely affected by oxidative damage, ultimately causing cell apoptosis 

(Kamkar, Ramezanali & Sabbaghian, 2018).  

2.3 Apoptosis in h uman spermatozoa  

Apoptosis, also known as programmed cell death, can be characterised as a 

simplistic biological principle that occurs in almost every cell line (Bejarano et al., 

2012; Kerr, Wyllie & Currie, 1972). Sinha and colleagues (1999) explained that 

apoptosis has important roles in sculpting body parts, deleting unnecessary 

structures, maintaining tissue homeostasis, and as a defence mechanism to remove 

unwanted, potentially harmful cells. In an unaffected cell cycle, the environmental 

and developmental stimuli are responsible for the removal of redundant cells and 

the maintenance of tissue homeostasis in a safe non-immunogenic manner (Kerr, 

Wyllie & Currie, 1972). In the male reproductive cycle, apoptosis promotes the 

regulation of germ cell development and forms part of an important mechanism 

whereby damaged germ cells are removed from seminiferous tubules before they 

can undergo proliferation and differentiation. Apoptosis is induced in 50-60% of all 

germ cells entering meiosis I (Sakkas & Alvarez, 2010), protecting the genome of a 

given species by the selective deletion of damaged germ cells. In contrast to this, 
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the presence of apoptosis can also lead to collateral tissue damage, the release of 

pro-inflammatory intracellular molecules, and plasma membrane rupture (Bejarano 

et al., 2012).  

During the biochemical event of apoptosis, calcium-magnesium-dependent 

endonuclease action is activated causing the cellular DNA between regularly 

spaced nucleosomal units to separate. Thi�V���Z�L�O�O���W�K�H�Q���D�O�O�R�Z���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���D���³�'�1�$��

�O�D�G�G�H�U���S�D�W�W�H�U�Q�´���Z�K�H�Q���W�K�H���R�O�L�J�R�Q�X�F�O�H�R�V�R�P�D�O���I�U�D�J�P�H�Q�W�V���D�U�H���V�H�S�D�U�D�W�H�G���E�\���D�J�D�U�R�V�H���J�H�O��

electrophoresis (Sinha-Hikim & Swerdloff, 1999). A primary component of apoptosis 

involves a cluster of aspartic acid-directed cysteine proteases known as caspases 

which divide several protein substrates resulting in the loss of cellular structure, 

functionality, and ultimately cell death (Stennicke & Salvesen, 1999). Thus, the 

�³�'�1�$���O�D�G�G�H�U�´���K�D�V���E�H�H�Q���U�H�S�R�U�W�H�G���W�R���E�H���W�K�H���W�U�D�G�H�P�D�U�N���R�I���D�S�R�S�W�R�V�L�V�� 

In the human reproductive system, apoptosis can occur at several stages; for 

instance oocyte degeneration, follicular atresia, ovulation, luteolysis, and in the 

germinal cells located within the testis (Davis & Rueda, 2002; Hsueh, Billig & Tsafriri, 

1994; Koji, 2001; Morita & Tilly, 1999; Murdoch, 2000; Sinha-Hikim & Swerdloff, 

1999). Approximately 75% of developed germinal cells will be lost due to germ cell 

degeneration during spermatogenesis, therefore, only 25% of the germinal cells will 

reach the ejaculate. Further research has shown that of this 25%, approximately 

half of this population will show one or more abnormalities. Therefore, only around 

12% of the spermatozoa present can be utilized for reproduction (Bejarano et al., 

2012; Holstein, Schulze & Davidoff, 2003; Suede, Malik & Sapra, 2020).  

A correlation between deregulated apoptosis and suboptimal sperm quality, 

regarding parameters such as sperm concentration, motility, and morphology has 
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also been noted (Aitken & Baker, 2013; Gandini et al., 2000). Apoptosis during 

spermatogenesis has been proposed to impact the aetiology of spontaneous male 

infertility, and significantly high numbers of apoptotic germ cells were observed in 

the testis of these males (Aitken & Baker, 2013; Aitken et al., 2011; Aziz et al., 2007; 

Lin et al., 1997). A significant negative correlation has been observed between the 

proportion of apoptotic spermatozoa and normal sperm morphology, using 

Tygerberg strict criteria for morphology assessment (Aziz et al., 2007; Chen et al., 

2006; Siddighi et al., 2004). 

Males suffering from idiopathic infertility have been shown to have elevated sperm 

DNA damage and fragmentation of the oligonucleosome (Bejarano et al., 2012). 

This could be because during spermatogenesis, the germ cells undergo continuous 

proliferation, thus, disrupting the homeostasis within the testis as a result of 

apoptosis (Bejarano et al., 2012). Further studies have reported a direct correlation 

between mature spermatozoa and nuclear DNA damage in suboptimal semen 

parameters and that the presence of DNA damage is indicative of apoptosis (Bianchi 

et al., 1993; Evenson, Darzynkiewicz & Melamed, 1980). 

Numerous studies have concluded that ejaculated human spermatozoa exhibit 

characteristics that are typical of apoptosis such as DNA fragmentation, plasma 

membrane translocation of PS (also referred to as externalization of the PS on the 

sperm plasma membrane), caspase activation, and decreased MMP (Barroso, 

Morshedi & Oehninger, 2000; Donnelly et al., 2000; Duru, Morshedi & Oehninger, 

2000; Gorczyca, Gong & Darzynkiewicz, 1993; Hughes et al., 1996; Larson et al., 

2000; Lopes et al., 1998; Manicardi et al., 1995; Marchetti et al., 2002; Oosterhuis 

et al., 2000; Said et al., 2005a; Sakkas et al., 2004; Schuffner et al., 2002; Sun et 

al., 1999). The major events that induce apoptosis in germ cells are DNA damage 
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in conjunction with the signal that occurs when binding to a specific apoptosis/ 

�³�G�H�D�W�K�´�� �P�H�P�E�U�D�Q�H�� �U�H�F�H�S�W�R�U��(Ruwanpura, McLachlan & Meachem, 2010). Sperm 

DNA damage plays an integral role in defining the overall functionality of 

spermatozoa, and has been associated with a wide spectrum of adverse clinical 

outcomes including impaired fertilization and embryo development, poor 

implantation rates, and increased miscarriage rates (Aitken & De Iuliis, 2009; Aitken 

& De Iuliis, 2007; Zini et al., 2008). 

2.4 Sperm DNA fragmentation  

Spermatozoa are highly specialised cells that are responsible for delivering an intact 

paternal genome to the oocyte as well as supporting successful embryo 

development (Muratori et al., 2019). Increased levels of sperm DNA fragmentation 

(sDF) as well as the presence of DNA strand breakages are the most common 

genetic anomalies found in ejaculated human spermatozoa, especially in subfertile 

males (Gorczyca, Gong & Darzynkiewicz, 1993; Muratori et al., 2019).  

As early as the 1980s, the measurement of DNA fragmentation was already 

considered a potentially useful test for male fertility as a difference in DNA 

composition between fertile and infertile populations became clearer (Pacey, 2018; 

Rex, Aagaard & Fedder, 2017). Further studies confirmed that DNA in human 

spermatozoa was very different to DNA found in somatic cells (Miller, Brinkworth & 

Iles, 2010; Pacey, 2018; Rex, Aagaard & Fedder, 2017). The haploid sperm DNA is 

packaged into a volume that is less than 10% that of a somatic cell nucleus. The 

degree of compaction is achieved during the final post-meiotic phase of 

spermatogenesis when the histones are almost entirely replaced with smaller 

protamines, thus, making the compaction in sperm chromatin greater than in any 
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other cell. This phenomenon optimises the sperm nuclear shape and protects the 

spermatozoa from the effects of genotoxic factors (Miller, 2007; Miller, Brinkworth & 

Iles, 2010; Miller & Ostermeier, 2006; Pacey, 2018). 

As mentioned in the sections above, scientific research has proposed three 

mechanisms for the occurrence of sDF.  

a) Failed apoptosis or apoptotic cell removal during meiosis resulting in mature 

spermatozoa containing fragmented DNA (Sakkas et al., 2003; Tímermans et 

al., 2020); 

b) Incomplete repair of DNA breaks produced during spermiogenesis. Prior to 

protamination, the DNA breaks are enzymatically activated to release the 

torsional stresses after nucleosome removal (Leduc et al., 2008; Marcon & 

Boissonneault, 2004; Tímermans et al., 2020); and 

c) Exposure to OS which is associated with surplus free radical molecules that 

overcome the antioxidant defences and invade the DNA molecule (Aitken et al., 

1997; Tímermans et al., 2020). 

Sperm quality may also be affected by several environmental and lifestyle factors 

such as specific pesticides, radiation, chemicals, antineoplastic drugs, and tobacco. 

In addition, diseases such as neoplasms, infections, varicocele, and even fevers 

have been associated with sDF (Henkel, 2011). Two studies performed by 

Balasuriya et al. (2014) and Nijs et al. (2011) investigated the effects of paternal age 

on sDF, because of the hormonal and cellular changes that occur when males age. 

Although males older than 40 appeared to have a higher incidence of sDF than 

younger men, the findings in both studies were not statistically significant. However, 

often the cause of DNA fragmentation remains idiopathic (Aitken & De Iuliis, 2009; 



20 
 

 
 

Pacey, 2018). The presence of sDF has been reported to affect both natural and 

assisted reproduction, however, the spermatozoa of subfertile males have shown to 

possess greater levels of impaired DNA when compared to fertile males (Agarwal, 

Cho & Esteves, 2016; Kamkar, Ramezanali & Sabbaghian, 2018). 

Clinical data has shown a negative correlation between the increased presence of 

sDF and ART outcomes (Borini et al., 2006; Carrell et al., 2003; Evenson & Wixon, 

2006; Meseguer et al., 2011; Simon, Emery & Carrell, 2017; Vendrell et al., 2014). 

Such outcomes include oocyte fertilization, poor embryo quality and development, 

blastocyst competency, pregnancy outcome, and recurrent miscarriage rate (Lewis 

& Aitken, 2005; Vendrell et al., 2014; Xue et al., 2014). 

Two studies used the sperm chromatin structure assay (SCSA) to evaluate the 

�U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���V�'�)���O�H�Y�H�O�V���D�Q�G���W�K�H���S�D�U�W�Q�H�U�¶�V���F�K�D�Q�F�H���R�I���D�F�K�L�H�Y�L�Q�J���S�U�H�J�Q�D�Q�F�\����

and it was clear that when sDF increased, the chances of achieving pregnancy 

decreased (Evenson et al., 1999; Spanò et al., 2000). Subsequently, in nine 

systematic reviews and meta-analyses conducted between 2006 and 2017 (Table 

2.1), six meta-analyses reported a direct correlation between sDF and poor 

outcomes. 
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Based on the summary in Table 2.1, six meta-analyses reported a direct correlation 

between sDF and poor ART outcomes, whilst the remaining three did not. Due to 

the variations in methods used to test sDF (TUNEL, SCSA etc.) as well as the 

clinical outcomes evaluated, a clear comparison was not established between these 

studies. Despite the significant association between patients with increased sDF 

and miscarriage rates (risk ratio (RR) 2.15; 95% confidence interval (CI) 1.54-3.03), 

a subgroup analysis illustrated that the most significance was noted in studies where 

TUNEL was applied.  

Several cases of male infertility may also be explained by the presence of 

chromosomal abnormalities, DNA damage, or the combination of both (Enciso, 

Alfarawati & Wells, 2013). A significant association was noted between the 

proportion of chromosomally abnormal spermatozoa and the amount of 

spermatozoa with fragmented DNA (Enciso, Alfarawati & Wells, 2013; Vendrell et 

al., 2014). 

Furthermore, increased levels of sperm aneuploidy have been associated with poor 

clinical outcomes such as implantation failure, spontaneous abortion and aneuploid 

conceptions (González-Marín, Gosálvez & Roy, 2012; Kamkar, Ramezanali & 

Sabbaghian, 2018; Sakkas & Alvarez, 2010; Vendrell et al., 2014). Therefore, in 

many cases, DNA fragmentation may be an indicator of male gamete aneuploidy 

(Carrell et al., 2003). This could in turn assist with identifying patients who are at 

higher risk of producing aneuploid embryos. Patients may then be advised to 

consider Preimplantation Genetic Testing (PGT) so that aneuploid embryos are not 

selected for transfer (Enciso, Alfarawati & Wells, 2013). 
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There is a vast difference in recommendations between various reproductive 

societies worldwide. The American Society for Reproductive Medicine (ASRM), 

concluded in 2006 that �³current methods for evaluating sperm DNA integrity do not 

reliably predict treatment outcomes, and no treatment for abnormal DNA integrity 

has proven of value� ,́ which was reaffirmed in 2008 and 2013 (Medicine, 2013; 

Medicine & Technology, 2008). In the 2013 National Institute for Health and Care 

Excellence (NICE) revised guidelines, there was no mention of sperm DNA 

fragmentation at all ���2�¶�)�O�\�Q�Q���� ����������, and in the WHO laboratory manual for the 

examination and processing of human semen (WHO, 2010), only a brief description 

of the assessment of sperm chromatin is given.  

However, the European Society for Human Reproduction and Embryology 

concluded that whilst �³impaired sperm integrity may have the greatest effect (and 

hence, greatest clinical utility) on IUI pregnancy rates and on pregnancy loss 

following IVF and ICSI, larger (adequately powered), properly designed and 

controlled prospective studies are absolutely required to confirm these results� ́

(Pacey, 2018).  In addition, the British Fertility Society Policy and Practice committee 

reassessed the findings when regarding sperm quality in terms of sDF and the 

relationship it has to natural and assisted reproduction, and deduced that �³sperm 

DNA damage appears to be related to sperm quality, embryo development and 

pregnancy loss, yet there remains no consensus on the best testing procedures, 

clinical reference values and how patients with an adverse result should be 

managed� ́ (Nardo et al., 2015). In addition, the 2017 report from the Society for 

Translational Medicine suggested that sDF testing be performed on patients with 

varicoceles, borderline semen parameters, and subfertile males affected by lifestyle 

factors (Agarwal et al., 2017). Based on this, it is clear that there is no consensus 
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from professional bodies and expert groups to routinely apply sperm DNA 

fragmentation testing in reproductive medicine and whether the application of these 

tests have clinical value (Pacey, 2018).  

What is known, however, is that semen analysis results only report on the quality of 

�V�S�H�U�P���D�V���D���µ�F�D�U�U�L�H�U���R�I���W�K�H���'�1�$���S�D�F�N�D�J�H�¶�����6�S�H�U�Patozoa with high DNA fragmentation 

can yield motility and morphology within normal ranges, therefore, sDF tests can 

complement the results obtained in conventional analyses and thus provide 

additional prognostic value. The importance of sperm DNA integrity in ART is 

increasing and the establishment as well as application of new markers and 

interventions that could reduce sDF remain a priority (Evenson, Darzynkiewicz & 

Melamed, 1980; Evenson et al., 1999; Muratori et al., 2019; Muratori et al., 2015; 

Robinson et al., 2012; Romerius et al., 2010; Simon, Emery & Carrell, 2017). The 

question therefore arises as to what the course of action should be if increased 

levels of sDF are detected and whether sDF tests hold clinical value if applied. 

Several studies have concluded that further research is required to determine the 

latter (Pacey, 2018).  

2.5 Sperm Processing Techniques  

For fertilization to occur in vivo, the spermatozoa must migrate through the cervix, 

uterus, uterotubal junction and oviductal isthmus to reach the oocyte in the oviductal 

ampulla. As a result, the spermatozoa are exposed to various structural, fluidic and 

molecular environments, thus, a rigorous sperm selection process takes place 

(Sharma & Agarwal, 2020; Sobrero & MacLeod, 1962). Specific to IVF, however, 

50,000 to 100,000 spermatozoa from an initial sample that could comprise 100 

million spermatozoa will be expelled around an oocyte and incubated. In ICSI, a 
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single spermatozoon is selected and directly microinjected into the oocyte. Sperm 

selection is, therefore, influenced by the overall sperm biology, sample volume, 

sperm concentration, and viability in vitro (Morrell & Rodriguez-Martinez, 2011). 

For spermatozoa to be utilized in ART, the semen specimen must undergo a series 

of processes/preparation techniques. The selection of optimal spermatozoa for any 

ART procedure will subsequently assist in fertilization and ultimately development 

to a live birth. The method of processing semen can, therefore, lead to improvement 

in ART success rates (Paasch, Grunewald & Glander, 2007; Tavalaee et al., 2012).  

Various sperm separation techniques have been established and are based on 

centrifugation, filtration, or sperm migration (Sharma & Agarwal, 2020). The 

objective of processing semen is to select motile spermatozoa that are potentially 

capable of fertilizing an oocyte as well as remove the spermatozoa from the seminal 

plasma, which contains decapacitation factors. As little as a 1:10,000 contamination 

with seminal plasma has been shown to affect sperm fertilizing ability and 

contamination of the sperm preparation with seminal plasma significantly reduces 

the incidence of hyperactivated motility (Mortimer, Swan & Mortimer, 1998). Sperm 

preparation methods include but are not limited to SU, swim down, DGC, migration-

sedimentation, as well as MACS (Beydola et al., 2013). However, according to 

Balasuriya et al. (2014), sperm preparation techniques may also cause OS through 

the production of ROS when the spermatozoa are removed from the seminal plasma 

during the washing procedure. This is, however, dependent on the washing 

procedure applied, the composition of the washing medium used, and the quality of 

the semen sample processed (i.e. increased numbers of leukocytes, other cell types 

and/or immature spermatozoa). 
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Additionally, within the ART laboratory, the prolonged incubation of DGC processed 

spermatozoa has been shown to decrease sperm survival in patients with increased 

sperm DNA damage. It has, therefore, been recommended that the timing of sperm 

collection be managed carefully as it is not only important that spermatozoa be 

removed from seminal plasma as soon as the ejaculate has liquefied but moreover, 

that sperm samples with borderline and abnormal parameters be prepared 

immediately before performing the desired method of insemination, thus, reducing 

the adverse effects of extended sperm incubation (Balasuriya et al., 2014; 

Moskovtsev et al., 2007).  

In ART, sperm samples are generally exposed to 37°C (ejaculation, liquefaction, 

and storage within the laboratory), therefore, the effect of thermal stress on sperm 

membrane and nuclear damage has also been investigated. Three categories of 

temperatures were investigated (25°C room temperature, 34°C testicular 

temperature and 37°C). The author felt that the results obtained held a vast amount 

of clinical value as after only 1-hour, PS translocation and DNA fragmentation were 

significantly higher in the 37°C group when compared to the other two groups 

(Balasuriya et al., 2014).  

Of all the preparation techniques, DGC has been suggested as the gold standard 

for sperm preparation and has been reported as a method that yields sperm 

samples with improved DNA integrity when compared to other techniques 

(Balasuriya et al., 2014; Brahem et al., 2011; Zhang et al., 2011). It has been 

suggested that samples processed by means of DGC may be more stable in terms 

of sDF when compared to SU for example (Zhang et al., 2018).  
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2.5.1 Two-layer  density gradient centrifugation  

Two-layer density gradients are commonly used in ART and are comprised of a 

colloidal suspension of silica particles that are stabilized with covalently bonded 

hydrophilic silane within a HEPES medium. In addition, a sperm washing medium is 

then used to resuspend the final pellet of optimal spermatozoa (Beydola et al., 

2013). When semen is layered over the density gradients (lower density at the top 

and higher density at the bottom) and centrifuged, the seminal plasma, abnormal 

and non-viable spermatozoa, leukocytes, as well as cell debris will not be able to 

pass through the higher density gradients, and, therefore, remain isolated from any 

normal spermatozoa (Henkel & Schill, 2003; Sharma & Agarwal, 2020).  

Once the initial centrifugation cycle is completed, the pellet containing mature 

spermatozoa is removed from the bottom of the tube where it will then undergo the 

final suspension in a washing medium. The supernatant comprising of non-viable 

sperm cells and debris should be separated from the viable sperm pellet as soon as 

possible to reduce the effects of oxidative damage. After completing the second 

centrifugation cycle, the washed pellet containing viable spermatozoa will again be 

removed, now ready to be used for ART (Sharma & Agarwal, 2020).  

Two-layer DGC is a sperm preparation method that can be performed on samples 

originating from the severest oligozoospermic, teratozoospermic, as well as 

asthenozoospermic semen specimens (Malvezzi et al., 2014; Tímermans et al., 

2020) (Table 1.1). The two-layer DGC method allows for mature and motile 

spermatozoa to be recovered and improvements of 30-80% for all parameters may 

be achieved. Such improvements are, however, dependant on the quality of the 
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initial semen sample and the technical skill of the personnel processing the sample 

(Agarwal, Cho & Esteves, 2016).  

Some scientists have reported that DGC may negatively affect the integrity of sperm 

DNA (Zini et al., 2011). It has also been stated that centrifugation leads to ROS 

generation, which is associated with a reduction in sperm motility and membrane 

fluidity, and is the cause for sDF which have all led to lower fertilization rates and 

increased miscarriage rates (Aitken et al., 2010; Bucar et al., 2015; Das et al., 2008; 

Kheirollahi-Kouhestani et al., 2009; Zorn, Vidmar & Meden�æVrtovec, 2003). 

However, some aspects have been ignored by certain authors in their publications. 

For DGC to be performed correctly, the related sperm wash buffers containing small 

amounts of Ethylenediaminetetraacetic acid (EDTA) should be used. The use of 

EDTA will reduce the risk of spermatozoa being exposed to any heavy metals that 

may remain in the colloid suspension from when it was manufactured. �6�K�R�X�O�G���+�D�P�¶�V��

F-10 medium which contains iron, be used, then increased ROS generation is 

expected (Anbari et al., 2016). 

Factors that determine the choice of ART procedure include both male and female 

aetiologies (i.e. female tubal factors and male factor subfertility: teratozoospermia, 

oligozoospermia, and asthenozoospermia to list a few) (Ombelet et al., 2003). A 

treatment strategy employed by Genk Institute for Fertility Technology clearly 

illustrates the algorithm of treatment options available for male subfertility (Figure 

2.1).  
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Figure 2.1: Algorithm of male subfertility treatment at the Genk Institute for Fertility 

Technology (IMC= inseminating motile count) (Ombelet et al., 2003). 

As seen in Figure 2.1, ICSI remains the treatment of choice for patients with severe 

male factor infertility (teratozoospermia, oligozoospermia and asthenozoospermia). 

The selection process for spermatozoa used in ICSI is based on the sperm motility 

and normal morphology as per the WHO reference values (WHO, 2010). In severe 

asthenozoospermic sperm samples, applying this method is more difficult and 

publications have reported that the arbitrary selection of immotile, morphologically 

normal spermatozoa for injection is associated with significantly reduced fertilization 

and clinical pregnancy rates (Nijs et al., 2011; Zhang et al., 2018).  

�(�P�E�U�\�R�O�R�J�L�V�W�V���D�U�H���W�U�D�L�Q�H�G���W�R���V�H�O�H�F�W���W�K�H���³�E�H�V�W���T�X�D�O�L�W�\�´���Y�L�D�E�O�H���V�S�H�U�P�D�W�R�]�R�D���U�H�J�D�U�G�O�H�V�V��

of whether it forms part of an immotile population or not, and several techniques are 

available to aid in this process. These include the hypo-osmotic swelling (HOS) test, 

chemical solutions to induce sperm tail movement such as dimethylxanthine 
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theophylline, sperm tail flexibility test, and laser assisted immotile sperm selection 

(Aktan et al., 2004; Ebner et al., 2011; Jeyendran et al., 1984; Soares et al., 2004). 

The focus of these tests is to isolate viable spermatozoa for ICSI, based on 

membrane integrity and tail movement. Unfortunately, these tests are unable to 

detect more defined anomalies such as sDF (Nordhoff, 2015; Zhang et al., 2018).  

Performing ICSI with spermatozoa exhibiting high levels of sDF may lead to 

detrimental effects during embryo metabolism which may be associated with the 

�H�P�E�U�\�R�¶�V���R�Y�H�U�D�O�O���J�H�Q�H�W�L�F���L�Q�W�H�J�U�L�W�\��(Uppangala et al., 2016). In addition, the adverse 

effect of sDF in early embryogenesis and embryo development has been reported 

as more significant subsequent to ICSI as opposed to the conventional IVF method 

of insemination (Zhang et al., 2018; Zini et al., 2011).  

The knowledge gained regarding sperm surface charge, hyaluronic acid binding 

sites, ultramorphology, apoptosis markers, and zona pellucida binding properties 

has allowed for novel ART methods such as MACS to be established.  

2.5.2 Magnetic Activated Cell Sorting  

Magnetic Activated Cell Sorting is a separation technique that allows for non-

apoptotic spermatozoa to be isolated from the heterogeneous sperm sample. An 

early marker for the detection of apoptosis is the loss of membrane potential which 

occurs as a result of phospholipid PS externalization (Vermes et al., 1995; Zhang et 

al., 2018).  

Colloidal super-paramagnetic microbeads (~50 nm in diameter) conjugated with 

Annexin-V are used for the effective separation process during MACS (Said et al., 

2005a). These microbeads were previously reported to eradicate spermatozoa with 
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EPS and disintegrated plasma membranes, specifically in cryopreserved semen 

samples (Paasch, Grunewald & Glander, 2007). Annexin-V has a high affinity for 

PS and is incapable of passing through an intact sperm membrane (Said et al., 

2006). The binding occurs as a result of the translocation of PS from the inner to the 

outer leaflet of sperm with compromised membrane integrity (van Heerde, de Groot 

& Reutelingsperger, 1995). Once placed into the separation column and exposed to 

a strong magnetic field, non-apoptotic cells with intact membranes will remain 

unbound and unlabelled, and therefore will pass freely through the magnetic 

column, separating entirely from any abnormal constituents present in the sperm 

sample; whereas, the apoptotic spermatozoa will remain bound and retained in the 

separation column (Berteli et al., 2017; Degheidy et al., 2015; Miltenyi et al., 1990).  

A systematic review published by Rubino et al. (2016), concluded that a viable 

�V�S�H�U�P�� �V�H�O�H�F�W�L�R�Q�� �P�H�W�K�R�G�� �S�U�L�R�U�� �W�R�� �,�&�6�,���� �F�R�Q�W�L�Q�X�H�V�� �W�R�� �E�H�� �E�R�W�K�� �³�L�Q�F�R�Q�F�O�X�V�L�Y�H�� �D�Q�G��

�F�R�Q�W�U�R�Y�H�U�V�L�D�O�´���D�Q�G���W�K�D�W���W�K�H�U�H���L�V���Q�R���F�R�Q�I�L�U�P�H�G���D�S�S�U�R�D�F�K���I�R�U���W�K�H���F�R�P�S�O�H�W�H���U�H�P�R�Y�D�O���R�I��

DNA fragmented spermatozoa from patient ejaculate. It is, therefore, imperative that 

a novel, non-invasive sperm selection method is applied. This will improve the 

efficiency within the ART laboratory and ultimately improve clinical outcomes. A 

sperm preparation method that is comprised of both DGC and MACS could result in 

improved sperm quality (Said et al., 2005a).  

The MACS technique allows for the identification of motile, morphologically normal 

spermatozoa exhibiting intact membranes and increased DNA integrity. Applying 

this technique may reduce the presence of sDF and increase the viable sperm yield 

(Balasuriya et al., 2014; Rubino et al., 2016; Zhang et al., 2018; Zhang et al., 2011). 

Males presenting with increased sDF will yield a higher concentration of Annexin-V 
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bound (apoptotic) spermatozoa. Studies have shown a direct correlation between 

the latter and idiopathic infertility, asthenozoospermia, teratozoospermia, as well as 

abnormal ROS production. Patients presenting with these anomalies will, therefore, 

benefit from a novel sperm preparation technique (Sharma & Agarwal, 2020). 

Despite the increase in sperm viability and reduction in sperm apoptotic markers, 

the total and progressively motile sperm numbers have been reported to be 

significantly lower after the application of MACS when compared to the conventional 

DGC method (Bucar et al.�����������������-�H�ã�H�W�D et al., 2018; Lee et al., 2010). This does 

not pose a problem for patients undergoing ICSI, however, for patients enrolled for 

IUI or IVF, this factor must be taken into consideration especially in samples 

presenting with borderline pre-processing sperm concentrations (<15 million 

sperm/mL) ���-�H�ã�H�W�D et al., 2018). 

Two-layer DGC is a sperm processing technique that has been standardized to 

complement MACS (Said et al., 2005a). The application of MACS in combination 

with two-layer DGC is advantageous given that the MACS protocol is unable to 

remove any contaminants or exogeneous constituents from the seminal plasma 

���-�H�ã�H�W�D et al., 2018; Said et al., 2006; Said et al., 2005a). The question has, 

therefore, been posed as to whether the combination of DGC and MACS would yield 

improved sperm quality despite a greater cell number loss (±15%) after MACS 

(Degheidy et al., 2015; Gil et al., 2013; Lee et al., 2010). 

Supplementary investigations demonstrated the application of MACS in 

combination with DGC (MACS prior to or after DGC) and the utilization of MACS 

after DGC can allow for increased efficiency in the separation process, resulting in 

fundamental improvements when regarding the utilization of intact, morphologically 
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normal, non-apoptotic spermatozoa for ART (Berteli et al., 2017; Cakar et al., 2016; 

Gadella & Harrison, 2002; Salicioni et al., 2007; Tavalaee et al., 2012). Many 

authors reported a positive correlation between sperm DNA damage and embryo 

quality (Fu et al., 2009; Lundin, Bergh & Hardarson, 2001; Palermo, Munne & 

Cohen, 1994; Sakkas et al., 2004; Shoukir et al., 1997; Taylor et al., 1997; Zini et 

al., 2011). Further reports have expressed significantly improved pregnancy rates 

when utilizing the MACS method (Dirican & Kalender, 2012; Gil et al., 2013). 

Overall, MACS has been reported to be a feasible and safe method that yields 

improved sperm quality, and thus the combination of these two methods will allow 

for laboratory and clinical improvements in ART (Glander et al., 2002; Grunewald, 

Paasch & Glander, 2001; Paasch et al., 2003; Paasch, Grunewald & Glander, 2007; 

Paasch et al., 2005; Sharma & Agarwal, 2020). 

According to Romany et al. (2017), a direct and negative correlation has been 

observed between PR and DNA damage. The DNA damage can be due to male 

(sDF) and/or female factors (inability to repair DNA), however, when MACS was 

used in subfertile patient cycles, a significant improvement was noted. In contrast, 

when MACS was applied in the case of donation cycles (spermatozoa and oocytes), 

no statistical difference was seen between groups having had MACS applied and 

those who did not. The MACS separation technique can consequently be used in 

subfertile cycles to enhance sperm quality subsequent to conventional sperm 

processing techniques potentially increasing the overall ART success (Cakar et al., 

2016; Dirican & Kalender, 2012; Gil et al., 2013; Said et al., 2005a; Sánchez-Martín 

et al., 2017; Zhang et al., 2018). 

�,�Q�� �V�X�P�P�D�U�\���� �³�L�Q�Y�L�V�L�E�O�H�´�� �D�Q�R�P�D�O�L�H�V�� �V�X�F�K�� �D�V�� �V�'�)�� �Z�K�L�F�K�� �L�V�� �F�D�X�V�H�G�� �E�\�� �L�P�S�D�L�U�H�G��

apoptosis, incomplete repair of sperm DNA breaks, OS exposure associated with 
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excess ROS, hormonal and cellular changes during aging, environmental and 

lifestyle factors, as well as certain diseases associated with sDF, are excluded from 

standard sperm selection techniques. Magnetic Activated Cell Sorting is a novel 

technique that separates non-apoptotic from apoptotic spermatozoa, a mechanism 

of separation that standard two-layer DGC is unable to achieve. Therefore, by 

applying MACS in addition to the conventional two-layer DGC sperm processing 

method, apoptotic and DNA fragmented spermatozoa can be eliminated, allowing 

for the most optimal spermatozoa to be used in vitro. This will ultimately improve 

laboratory and clinical outcomes. 
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CHAPTER 3 

MATERIALS AND METHODS  

This chapter describes the methodology that was utilised during this study, including 

the ethical considerations and the statistical approach. 

3.1 Subject Group  

At Vitalab Sandton, patients with no prior history of conception/fertility are enrolled 

into a sperm functional assessment (SFA) program. The SFA, which is a diagnostic 

assessment of semen and spermatozoa, is performed following a standard 

operating procedure (SOP) and provides a prognostic tool for future treatment plans. 

All 45 subjects included in this study were recruited from patients referred to the 

laboratory for an SFA.  

3.2 Ethics  

Prior to the commencement of this study, ethical approval was obtained from 

�7�V�K�Z�D�Q�H�� �8�Q�L�Y�H�U�V�L�W�\�� �R�I�� �7�H�F�K�Q�R�O�R�J�\�¶�V�� ���7�8�7������Research Ethics Committee (REC), 

reference number REC/2018/08/002 (Annexure A). Patients who participated in the 

�G�L�D�J�Q�R�V�W�L�F���6�)�$���S�U�R�F�H�G�X�U�H�����Z�H�U�H���U�H�T�X�L�U�H�G���W�R���V�L�J�Q���9�L�W�D�O�D�E�¶�V���F�R�Q�V�H�Q�W���I�R�U�P���D�S�S�U�R�Y�H�G��

by Adele Van Der Walt Attorneys. In addition, a signed informed consent 

(specifically designed for the current study) was obtained from patients who met the 

inclusion (3.1.2) and exclusion criteria (3.1.3) and who agreed to participate in the 

research study (Annexure B). Patients included in the study did not receive any 

financial remuneration and/or benefits from Vitalab, Sandton. 
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The personal identity of all patients was protected through the assignment of code 

numbers on all relevant documentation. In addition, the confidentiality of the patient 

records/documents was duly protected by storing it in a restricted-access format to 

which only the research team had access. 

3.3 Inclusion Criteria  

�x Patients undergoing diagnostic SFA 

�x Each individual semen sample had to meet the WHO reference values (WHO, 

2010), having a minimum concentration of 15 x 106 spermatozoa/mL and total 

motility of at least 40% 

�x Males between 18 and 40 years of age 

3.4 Exclusion Criteria  

�x Cryopreserved sperm samples (donor and/or husband)  

Although cryopreservation of spermatozoa extends the availability of 

spermatozoa for fertilization, the fertilizing potential of the frozen-thawed 

spermatozoa is suggested to be compromised because of alterations in the 

structure and physiology of the spermatozoon (Medeiros et al., 2002). Semen 

parameters such as motility and concentration are observed to be lower than 

what is recommended by the WHO reference values. Thus, cryopreserved 

samples were excluded to remove the potential limitation this may have had on 

the study outcomes. 

�x Human Immunodeficiency Virus (HIV) and Sexually Transmitted Infection (STI) 

positive couples 
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In STI- and HIV-positive patients, the viruses have been shown to have several 

adverse effects on the quality of oocytes and/or spermatozoa produced in vivo. 

In addition, the use of antiretroviral drugs can induce toxic effects, therefore, 

negatively affecting gamete quality (Brinkman et al., 1999; Carr et al., 2000). 

Moreover, an increase in treatment cancellation rates have been reported in 

both seroconcordant and serodiscordant couples (Manigart et al., 2006). 

Therefore, these patients were not included in the study as these confounding 

factors would have precluded the establishment of a true comparison between 

the experimental and control groups.  

3.5 Quality Control  

All participants were placed on a standardized antibiotic regimen prior to diagnostic 

sperm assessments, to ensure that the quality of the semen sample was not 

compromised due to any infection. They were also requested to abstain from 

ejaculation for at least 2, preferably 3, and no more than 5 days prior to specimen 

collection. The semen samples were collected into sterile, non-spermotoxic 

containers (K5641, 150 mL container, Plastpro Scientific, Johannesburg, South 

Africa) provided by Vitalab, Sandton. The specimens were produced in the 

Collection Room at Vitalab, Sandton by participants enrolled in the study.  

All the semen preparations were performed in an ART laboratory using sterile 

disposables and aseptic techniques as per Vitalab SOPs. Thoroughly mixed semen 

was used as soon as possible after the completion of liquefaction. Liquefaction 

occurred optimally when semen was incubated at 37°C and took 10 to 30 minutes. 

A temperature of 37°C (± 0.5 °C) was maintained where necessary using a warming 

oven (C60, Labotect, Rosdorf, Germany), heated stage surface (HT200, Minitüb 
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GmbH, Tiefenbach, Germany) and temperature-controlled Computer Aided Sperm 

Analysis (CASA) stage (IVOS II, Hamilton Thorne Inc, MA, USA). All equipment, 

disposables, sperm processing media, stains and cell sorting apparatus used were 

certified and validated for IVF use (CE-marked, FDA cleared, Human Sperm tested 

and/or 1-cell stage Mouse Embryo Assay (MEA)-tested). All equipment used were 

calibrated and tested during the annual maintenance service of the assisted 

reproduction and andrology laboratories. 

The centrifuge was calibrated accordingly prior to experimentation. To convert its 

�³�U�S�P�´���V�H�W�W�L�Q�J�V���W�R���³�J�´���W�K�H���I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q���Z�D�V���X�V�H�G�� 

g = 0.0000112 × r × N2 where:  

g = desired relative centrifugal force 

r = radius of the rotor to the bottom of the tube (in cm) 

N = rpm 

All quality control measures of other experimental equipment formed part of the 

weekly quality control program at Vitalab, Sandton.  

To ensure that validity and reliability of the data were met, a CASA system (IVOS II, 

Hamilton Thorne Inc., MA, USA) which is capable of measuring sperm motility, 

concentration, mucus penetrating kinematics, and hyperactivation, was used. CASA 

is superior to manual counting methods because of the high precision and 

quantitative data provided on the kinematic parameters of spermatozoa. For quality 

control purposes, two separate chambers (20 µm, 2X-CEL®, Hamilton Thorne Inc, 

MA, USA) were loaded with the same sperm sample and video recordings of at least 

200 sperm cells and at least 5 random fields per chamber were captured. An 
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agreement of 5% needed to be met between the two chambers for the results to be 

accepted.  

Duplicate slides were created for both the assessment of sperm DNA fragmentation 

(GoldCyto Sperm kit, Microptic, Spain) and sperm morphology (RapiDiff, Clinical 

Sciences Diagnostics, Johannesburg), to prevent the capture of inaccurate results 

should a poor-quality slide have been obtained.  

The product specifications of the MACS® ART Annexin V System (Miltenyi Biotec, 

Bergisch Gladbach, Germany) are confirmed by batch-specific certificates of 

analysis, ensuring consistency of quality. The system is MEA-tested and has been 

declared safe for use in human ART based on the results of a number of studies 

(Berteli et al., 2017; Chi et al., 2016; Degheidy et al., 2015; Esbert et al., 2017; Gil 

et al., 2013; Khalid & Qureshi, 2011; Lee et al., 2010; Romany et al., 2017; San 

Celestino et al., 2011; Sánchez-Martín et al., 2017; Sheikhi et al., 2013; Troya & 

Zorrilla, 2015; Vendrell et al., 2014; Zahedi et al., 2013; Zhang et al., 2018; Ziarati 

et al., 2019). 

The quality of the data was verified by supporting supervisors and all medical data 

obtained for each characteristic being investigated was confirmed by laboratory 

personnel. 

3.6 Experimental Design  

The study included control and experimental groups. The control group was defined 

as samples processed by means of the standard two-layer DGC sperm processing 

method, and the experimental group was defined as samples processed by the 

same two-layer DGC method in addition to MACS.  
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3.6.1 Macroscopic and microscopic assessment of unprocessed semen  

A total of 45 semen samples were obtained and assessed after complete 

liquefaction. Patient information such as assigned file number, age, and abstinence 

period were noted. Macroscopic and microscopic evaluations were performed on 

the semen samples where the following parameters were assessed: 

�x semen volume; 

�x semen pH; 

�x viscosity; and 

�x motile spermatozoa with mucus penetrating kinematics (%), total sperm 

concentration (M/mL), total sperm motility (%), progressively motile sperm 

concentration (M/mL) and progressively motile sperm (%) - evaluated by means 

of CASA 

The CASA system was programmed to measure sperm parameters according to 

the WHO guidelines (WHO, 2010).  

3.6.2 Density gradient preparation  

The two-layer DGC sperm processing method is based on a two-layer discontinuous 

density gradient of silane-coated colloidal silica. The colloid was purchased as 100% 

PureSperm® (Nidacon, International AB, Mölndahl, Sweden) and was diluted with 

PureSperm Buffer® (Nidacon, International AB, Mölndahl, Sweden) to give 40% and 

80% volume/volume (v/v) gradient layers. Using a 9 inch IVF glass pipette (PP-9-

90, CooperSurgical®, Målov, Denmark), density gradients were prepared by layering 

1.5 mL of 40% PureSperm® (Nidacon, International AB, Mölndahl, Sweden) over 
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force (g) for 20 minutes. The resulting pellets representing the mature fraction of 

spermatozoa, were then harvested, and placed into a second conical bottom tube 

containing 4 mL of PureSperm® Wash (PSW-100, Nidacon, Sweden). The solutions 

were centrifuged for another 10 minutes at 500 g. The supernatants were then 

discarded, and the pellets divided into 2 aliquots and placed into individual 4 mL 

round bottom tubes (IVF Gen, Australia). The minimum volume of the sperm pellets 

�D�V�S�L�U�D�W�H�G���Z�D�V�������������/�����7�K�H���I�L�U�V�W���D�O�L�T�X�R�W���V�H�U�Y�H�G���D�V���W�K�H���F�R�Q�W�U�R�O�����D�Q�G���W�K�H���V�H�F�R�Q�G���D�O�L�T�X�R�W��

was subjected to MACS, thus, the experimental group (Figure 3.2). 

Using the CASA system, the following parameters were then analysed for the 

control (post-DGC) group: 

�x total sperm concentration (M/mL);  

�x total sperm motility (%);  

�x progressively motile sperm concentration (M/mL); and 

�x progressively motile sperm (%)
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3.6.4 MACS protocol  

The MACS reagents are susceptible to bacterial contamination and, therefore, all 

samples were handled aseptically in a laminar flow clean bench (Airstream® Gen 

2, ESCO Technologies Pty Ltd, Centurion, South Africa) at room temperature. 

If the washed sperm sample had a sperm concentration greater than 50 M/mL, then 

the aliquot assigned to the experimental group was first diluted with the MACS 

Binding Buffer (Miltenyi Biotec, Bergisch Gladbach, Germany) to yield a sperm 

concentration of between 15 and 50 M/mL. A 100 µl of the diluted sperm pellet was 

assigned to the experimental group. The part of the washed spermatozoa was 

�V�X�V�S�H�Q�G�H�G�� �L�Q�� �������� ���/�� �$�Q�Q�H�[�L�Q�� �9�� �5�H�D�J�H�Q�W�� ��Miltenyi Biotec, Bergisch Gladbach, 

Germany) and mixed gently by aspirating and expelling with an air displacement 

pipette and tip (Finnpipettes, ThermoScientific, Massachusetts, USA). Caution was 

taken to avoid foaming; hence the use of vortex was not recommended. The MACS 

Binding Buffer was then added to reach a final volume of 500 ���/�����7�K�H���V�X�V�S�H�Q�V�L�R�Q��

was mixed well by tapping on the tube before incubating at room temperature for 15 

minutes. This incubation period allowed any apoptotic spermatozoa to bind to the 

Annexin V-conjugated microbeads. 

Five minutes before the 15-minute incubation period ended, an MS column (Miltenyi 

Biotec, Bergisch Gladbach, Germany) was placed into the magnetic field of the 

MACS ART separation unit (Miltenyi Biotec, Bergisch Gladbach, Germany). The MS 

column was then flushed with 1 mL MACS ART Binding Buffer, with the effluent 

collected into a 1 mL conical eppendorf tube (Eppendorf, Hamburg, Germany) and 

�G�L�V�F�D�U�G�H�G�����$���Q�H�Z�������P�/���H�S�S�H�Q�G�R�U�I���W�X�E�H���Z�D�V���O�D�E�H�O�O�H�G���D�V���³���´���Z�L�W�K���W�K�H���S�D�W�L�H�Q�W�¶�V���G�H�W�D�L�O�V��

���D�F�F�R�U�G�L�Q�J�� �W�R�� �9�L�W�D�O�D�E�¶�V�� �L�G�H�Q�W�L�I�L�F�D�W�L�R�Q�� �D�Q�G�� �Z�L�W�Q�H�V�V�L�Q�J�� �S�U�R�W�R�F�R�O�� and placed at the 
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bottom of the MS column for viable, non-apoptotic sperm cell collection. Once the 

incubation period was completed, the cell suspension was gently and slowly 

pipetted into the MACS MS column with the pipette tip touching the inner wall of the 

column. The flow through fraction/non-apoptotic spermatozoa was collected into the 

�S�D�W�L�H�Q�W�V�¶�� ���� �P�/�� �H�Spendorf tube. To increase the yield, a further 500 ��L of MACS 

Binding Buffer was added and passed through the MS column and collected into a 

second 1 mL Eppendorf tube labelled as �³���´���Z�L�W�K���W�K�H���S�D�W�L�H�Q�W�¶�V���G�H�W�D�L�O�V��(according to 

�9�L�W�D�O�D�E�¶�V���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���D�Q�G���Z�Ltnessing protocol) (Figure 3.3). 

Because MACS ART Binding Buffer contains calcium ions (Ca2+), which are known 

to activate oocytes, the Binding Buffer was removed from the non-apoptotic sperm 

cell fraction by centrifuging the cell suspension at *1300 rpm/ 195 g for 4 minutes 

(EBA-12, Hettich Zentrifugen, Tuttlingen, Germany). The supernatant was aspirated 

completely, and the pellets were resuspended a final time into a 1 mL Eppendorf 

tube containing 400 µl PureSperm® Wash and centrifuged again at *1300 rpm /     

195 g for 4 minutes. The pellet of the magnetically separated sperm sample (non-

apoptotic spermatozoa) was then removed and placed into a 4 mL round bottom 

tube �O�D�E�H�O�O�H�G�� �Z�L�W�K�� �W�K�H�� �S�D�W�L�H�Q�W�¶�V�� �G�H�W�D�L�O�V�����D�F�F�R�U�G�L�Q�J�� �W�R�� �9�L�W�D�O�D�E�¶�V�� �L�G�H�Q�W�L�I�L�F�D�W�L�R�Q�� �D�Q�G��

witnessing protocol) and immediately evaluated.  

*Clear, well distinguished pellets were obtained after each centrifugation step, for 

all 45 sperm samples post-MACS. 

Using CASA, the following parameters were analysed for the experimental (post-

DGC+MACS) group: 

�x total sperm concentration (M/mL);  

�x total sperm motility (%);  
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3.6.5 Sperm DNA staining for the assessment of sperm DNA fragmentation  

The DNA staining method applied was based on the Sperm Chromatin Dispersion 

(SCD) test (Fernández et al., 2003 and Fernández et al., 2005), and followed the 

protocol described in the product insert (See Annexure C). All intact unfixed 

spermatozoa were mixed with a viscous agarose microgel and then placed onto a 

pre-treated slide. The initial acid treatment in step one denatured the sperm cell 

DNA, while step two removed most of the nuclear proteins following exposure to the 

lysing solution. Nucleoids with large halos of spreading DNA loops (emerging from 

a central core), were produced when there was no major DNA breakage. In contrast, 

nucleoids from spermatozoa with fragmented DNA either did not show a dispersion 

halo or a minor halo was present (refer to Annexure C for more details). 

The slides were assigned random codes for the blinded assessment of sDF. A total 

of 300 sperm per slide were evaluated by two senior embryologists. A difference of 

5% was allowed between the readings. The mean value of the 2 readings taken was 

then used. A bright field microscope with a properly adjusted Köhler illumination and 

a 100× oil immersion objective was used. The stained spermatozoa were evaluated 

in the following manner: 

The slide was assessed from one edge to the other. Once the first row was 

evaluated, the field of view was adjusted downwards over one field diameter and 

the next section was assessed. This technique was applied over the entire slide until 

300 spermatozoa were evaluated. 
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The halo status of each spermatozoon was established based on the following 

criteria: 

�x Spermatozoa without DNA fragmentation - spermatozoa with a large or medium 

sized halo. 

�x Spermatozoa with fragmented DNA - spermatozoa with a small halo (the halo 

diameter is similar or smaller than a third of the minor diameter of the nucleus 

core), degraded halo and/or no halo (an irregular or weakly stained nuclear core) 

is observed. 

�x An additional cri�W�H�U�L�R�Q�� �F�O�D�V�V�L�I�L�H�G�� �D�V�� �³�R�W�K�H�U�V�´�� �Z�D�V�� �D�O�V�R�� �L�Q�F�O�X�G�H�G���� �7�K�L�V�� �J�U�R�X�S��

comprised of cell nuclei which did not correspond to spermatozoa. A 

morphological characteristic which distinguished these spermatozoa from the 

others remained the absence of a sperm tail. 

Images were captured using an Olympus BX43 with a 100x (PLCN100xOPH) 

objective under brightfield observation, an Olympus DP74 microscope camera on a 

0.63x C-Mount in conjunction with the Olympus CellSens V3.2 software. 

3.7 Staining for the assessment of sperm morphology and  teratozoospermia  

index  

Slide preparation for morphology assessment was performed during the final stages 

of each assessment mentioned above (section 3.4.1, section 3.4.3, and section 

3.4.4). The upside-down method was applied to create a duplicate set of smears 

per study group (frosted glass slides, Marienfeld-Superior, Lauda-Königshofen, 

Germany). A 10 µl aliquot of spermatozoa was placed in the middle of two different 

slides. The one slide was turned onto the other and with gentle pressure, the slides 

were dragged against each other to create two smears simultaneously.  





50 
 

 
 

3.7.1 Evaluation of sperm morphology and TZI: 

Using a bright field microscope (BX43, Olympus, Tokyo, Japan) with a correctly 

adjusted Köhler illumination and a 100× oil immersion objective, at least 200 

spermatozoa per replicate were evaluated blindly, in order for the percentage of 

normal and abnormal forms to be established. 

a) Sperm morphology ( WHO, 2010 and Tygerb erg strict criteria  of 

assessment ): 

Only intact spermatozoa were counted and categorized as normal or abnormal. 

Normal spermatozoa were classified when the head, midpiece and tail were normal. 

All borderline forms were classified as abnormal. 

Normal spermatozoa were categorised based on the following parameters:  

Head - smooth and oval with the acrosome making up 40-70% of the sperm head. 

No large vacuoles and no more than 2 small vacuoles were present in the acrosome. 

No vacuoles were present in the post-acrosomal region.  

Midpiece  - slender, regular and the same length as the sperm head. The axis was 

aligned with the axis of the sperm head. 

Tail  - �X�Q�L�I�R�U�P���F�D�O�L�E�U�H���D�O�R�Q�J���L�W�V���O�H�Q�J�W�K�����7�K�L�Q�Q�H�U���W�K�D�Q���W�K�H���P�L�G�S�L�H�F�H���D�Q�G�����������P���L�Q���O�H�Q�J�W�K�� 

Abnormal spermatozoa were categorised based on the following parameters:  

Head - large or small, tapered, pyriform, round, amorphous and/or vacuolated. 

Small or large acrosome areas or multiple sperm heads were present. 

Neck and midpiece  - asymmetrical insertion, thick, irregular, thin, bent and/or 

presenting with cytoplasmic droplets. 
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Tail  - short, multiplied, broken and/or illustrating hairpin or angulated bends. Should 

the tail have appeared coiled, with an irregular width and/or with cytoplasmic 

droplets. 

The following calculation was then applied to establish the percentage of normal 

spermatozoa present:  

�0�K�N�I�=�H���O�L�A�N�I���B�K�N�I�O���:�¨ �; 
L
�6�K�P�=�H���J�Q�I�>�A�N���K�B���J�K�N�I�=�H���O�L�A�N�I���B�K�N�I���?�K�Q�J�P�A�@

�6�K�P�=�H���J�Q�I�>�A�N���K�B���O�L�A�N�I���?�K�Q�J�P�A�@���K�R�A�N�=�H�H
���: ���s�r�r 

 

b) TZI method:  

The TZI of a sperm sample is an indication of the average number of abnormalities 

present per abnormal spermatozoon (Menkveld et al., 2002). According to the WHO 

manual (2010), a maximum of four defects per abnormal spermatozoon can be 

counted: one for head, neck/midpiece, and tail abnormalities and one for the 

presence of cytoplasmic residue. The same morphological criteria used in the 

determination of the proportion of normal spermatozoa (section 3.7.1a) were applied 

to determine whether an abnormality was present.  

To calculate the TZI the following formula was used:  

�6�<�+
L
�P�K�P�=�H���J�Q�I�>�A�N���K�B���@�A�B�A�?�P�E�R�A���N�A�C�E�K�J�O���?�K�Q�J�P�A�@

�P�D�A���J�Q�I�>�A�N���K�B���O�L�A�N�I�=�P�K�V�K�=���E�J���S�D�E�?�D���P�D�A�U���S�A�N�A���O�A�A�J
 

A manual cell counter (differential cell counter, LW Scientific, Georgia, USA) was 

used to record the values required during the assessment of sperm morphology and 

TZI. 
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3.8 Statistical Analyses  

The initial analysis was descriptive, presenting summary statistics in terms of 

means, standard deviation, median and associated 95% confidence intervals were 

determined for the two sperm processing methods. The nature of the study was a 

paired comparison between the two groups; therefore, the paired t-test was used. 

All statistical calculations were performed by computing methods and the 0.05 level 

of significance (�.��� ������������ was applied to the test results. Statistical significance was 

indicated in tables and figures by means of an asterisk (*). Statistical analyses were 

performed by Dr SAS Olorunju, a Biostatistician at the Medical Research Council 

(MRC) of Pretoria, using Microsoft Excel and dedicated statistical and data analysis 

software (Stata Statistical Software. 2019, version 16.1, Stata Corp LLC, College 

Station, Texas, USA).  
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CHAPTER 4 
 

RESULTS 

In this chapter the results obtained from the overall statistical analyses will be 

presented. This includes the descriptive data, as well as the comparison in sperm 

parameters between raw semen, standard two-layer DGC, and DGC+MACS sperm 

processing method(s).  

Forty-five males between the age of 30 and 38 years participated in this study, with 

a reported mean sexual abstinence period of 4 ± 2 days (Table 4.1). All semen 

samples were incubated at 37°C and evaluated within 30 minutes of ejaculation, 

once liquefaction had occurred. By means of CASA, the raw semen kinematics were 

evaluated, and all relevant parameters were measured.   

For all data to be presented with the same precision with which the measurements 

were made, all results excluding TZI values, have been reported as integer values. 

The data obtained for all the raw semen parameters are summarized in Table 4.1. 

Once the MACS process was complete, a final set of post counts were obtained for 

the experimental group (Table 4.2). 
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fragmentation, significantly lower sDF was present in sperm samples processed 

with DGC+MACS compared to only DGC (Figure 4.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Bar graph representing the similarities and differences in parameters 

from the Raw semen to post-DGC and post-DGC+MACS groups (*p < 0.05). 
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CHAPTER 5 

DISCUSSION 

This chapter discusses the results that were presented in the previous chapter and 

compares the main findings with current literature. The possible clinical implications, 

limitations of the study, and recommendations for future research are also 

discussed. 

Of the 48.5 million infertile couples globally, 30% suffer from male factor infertility, 

40-45% male and female factors combined, and 10-15% remain idiopathic (Marzano 

et al., 2020; Pan et al., 2017). Assisted Reproductive Technology has become the 

primary choice of treatment for patients suffering from infertility, however, the 

success rates of these procedures to date remain suboptimal and not all patients 

can be assisted  �>�§������-40% CPR] (Adamson et al., 2018; ASRM, 2004; Dyer et al., 

2020; Dyer et al., 2016; Said et al., 2006). In many cases, several ART attempts are 

required before achieving a clinical pregnancy, which could be as a result of 

impaired oocyte and/or sperm quality (Bucar et al., 2015). The influence of an 

altered paternal genome on conception may be just as detrimental as that of an 

altered maternal genome (Avendaño et al., 2009). Therefore, one of the factors that 

could affect the outcome of an ART cycle is the quality of the spermatozoa utilized 

(Horta et al., 2016; Ombelet et al., 2003; Said et al., 2005a). According to the WHO 

(2010), the quality of semen is based on the overall sperm concentration, motility, 

vitality, and morphology. The mean values for the 45 semen samples included in 

this study complied with the WHO (2010) criteria for normal sperm parameters 

(WHO, 2010; Table 4.1), and so would be classified as normozoospermic. 
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According to several studies, two-layer DGC is the preferred method of sperm 

processing worldwide (Beydola et al., 2013; Brahem et al., 2011; Malvezzi et al., 

2014; Sharma & Agarwal, 2020). Good quality spermatozoa (highly motile, 

morphologically normal, and mature) are separated from immotile non-viable 

spermatozoa, cell debris, leukocytes, and all the components of the seminal plasma 

by means of discontinuous density gradients (Marzano et al., 2020; Tarozzi, 

Nadalini & Borini, 2019). The final washing step then allows for the final pellet of 

viable spermatozoa to be isolated and ultimately used for ART (Beydola et al., 

2013).  

The effectiveness of two-layer DGC as a method of processing semen was 

demonstrated in the current study, as the mean progressive motile concentration, 

total motility, progressive motility, morphology, and TZI were all significantly 

improved in the DGC groups when compared to the unprocessed raw ejaculate 

(Tables 4.1 �± 4.3, Figures 4.3 and 4.4).  

It is possible to associate sperm quality with certain clinical conditions based on the 

various categories they may fall into (such as asthenozoospermia, oligozoospermia, 

teratozoospermia or oligoasthenoteratozoospermia) (Table 1.1). It is, however, 

suggested that for the conventional method of semen analysis, the WHO reference 

values should only be used as a guide rather than as definitive reference points, 

and if values fall outside their nominated normal ranges, this is not necessarily 

indicative of male infertility (WHO, 2010). A significant proportion of males (40% of 

subfertile men) exhibiting sperm samples within normal ranges, still continue to 

experience idiopathic infertility (ASRM, 2012; Bucar et al., 2015; Marzano et al., 

2020; Pacey, 2018). Therefore, the evaluation of semen and processed 
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spermatozoa is relatively important not only for diagnosis, but also to select the most 

appropriate ART treatment for the infertile couple (Teijeiro et al., 2017).  

Intracytoplasmic sperm injection has allowed for male factor cases to be resolved; 

however, an unsuccessful ICSI treatment cycle could occur as a result of apoptotic/ 

DNA fragmented spermatozoa being selected, despite them having normal 

morphology and motility (Table 4.2 and 4.4) (Horta et al., 2016).  

Ejaculated spermatozoa have been shown to exhibit alterations that in somatic cells 

are consistent with apoptosis such as EPS, disrupted MMP, and DNA fragmentation 

(Bucar et al., 2015; de Vantéry Arrighi et al., 2009; Said et al., 2005a). Despite the 

proposed causes (abortive apoptosis, OS, associations with male genital tract 

infection, and defects during spermiogenesis), sDF appears to be multifactorial and 

a definite conclusion about the pathogenic mechanisms have yet to be established 

(Aitken & De Iuliis, 2007).  

Even though DGC remains the conventional choice for sperm processing, this 

method is unable to completely remove spermatozoa with apoptotic markers (Bucar 

et al., 2015; Henkel & Schill, 2003). Said et al. (2005a) and Bucar et al. (2015) 

showed that subsequent to DGC in normozoospermic donors, 4.6% and 18.6% EPS 

respectively, was reported. In subfertile patients exhibiting normal sperm 

concentration and motility, 15.2% EPS comprising of 6.1% early apoptotic markers 

and 9.1% late apoptotic markers or necrosis was noted. Moreover, both studies 

found a significant correlation between sDF and early apoptotic markers after DGC 

was performed.  

Regardless of the advancements in ART, the live birth rate (LBR) (when considering 

all patient groups), remain in the 30-35% range (Cho & Agarwal, 2018; Neri et al., 
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2004). Many authors have reported a need for more advanced sperm separation 

methods���� �D�Q�G�� �W�K�H�� �V�H�D�U�F�K�� �I�R�U�� �D�Q�� �D�S�S�U�R�D�F�K�� �W�K�D�W�� �F�R�X�O�G�� �L�P�S�U�R�Y�H�� �W�K�H�� �L�Q�I�H�U�W�L�O�H�� �P�D�O�H�¶�V��

treatment outcome rather than bypassing the male factors in ART (Cho & Agarwal, 

2018; Dohle et al., 2005; Jarrow et al., 2011; Leaver, 2016). The application of an 

advanced sperm separation method(s) may contribute to an improved LBR by 

means of removing genetically abnormal, apoptotic spermatozoa possessing 

anomalies such as sDF and/or DNA strand breakages, from the cohort of 

spermatozoa to be used for ART (Gorczyca, Gong & Darzynkiewicz, 1993; Muratori 

et al., 2019).  

To date, several authors have confirmed that the most significant advanced tests 

being implemented in diagnostic and therapeutic protocols, are the measurement of 

sperm DNA quality, primarily the tests and separation methods for sDF (Agarwal, 

Cho & Esteves, 2016; Henkel et al., 2010; Majzoub, Agarwal & Esteves, 2017; 

Pacey, 2018; Sharma & Agarwal, 2020). The assessment of sDF allows for a better 

understanding of male infertility at a molecular level, which is important because 

spermatozoa are specifically designed for the transmission of a haploid genome to 

the oocyte, with the primary objective being to create a new life (Muratori et al., 

2019).  

Numerous studies have concluded that ejaculated human spermatozoa exhibit 

characteristics that are typical of apoptosis such as DNA fragmentation and plasma 

membrane translocation of PS/ EPS (Barroso, Morshedi & Oehninger, 2000; 

Donnelly et al., 2000; Duru, Morshedi & Oehninger, 2000; Gorczyca, Gong & 

Darzynkiewicz, 1993; Hughes et al., 1996; Larson et al., 2000; Lopes et al., 1998; 

Manicardi et al., 1995; Marchetti et al., 2002; Oosterhuis et al., 2000; Said et al., 

2005a; Sakkas et al., 2004; Schuffner et al., 2002; Sun et al., 1999). Magnetic 
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Activated Cell Sorting removes spermatozoa with compromised membranes 

presenting with EPS (Horta et al., 2016). The addition of MACS to standard methods 

such as DGC, has been shown to complement the processing method through 

molecular selection, rather than just sperm sorting according to density (Bucar et 

al., 2015; Paasch, Grunewald & Glander, 2007; Said et al., 2006). Apoptotic markers 

have previously been reported to be more evident in immature spermatozoa (Said 

et al., 2005a). In the current study, only the pellet obtained through two-layer DGC 

was used for MACS, thereby eliminating most of the immature spermatozoa. The 

magnetic separation process applied was based on the principle of EPS which 

manifests in apoptosis as well as immature spermatozoa, therefore, applying MACS 

subsequent to DGC effectively removed poor quality spermatozoa possessing 

either immature and/or apoptotic characteristics (Paasch, Grunewald & Glander, 

2007).  

Many studies performed similar investigations, comparing the degree of sDF 

following DGC or DGC+MACS by means of either TUNEL or SCD tests (Cakar et 

al., 2016; Lee et al., 2010; Said et al., 2006; Tavalaee et al., 2012). One study that 

included 60 patients with previously failed IUI cycles (despite their normozoospermic 

sperm samples) showed a significantly reduced sDF (26.7% less) after applying 

DGC+MACS when compared to DGC alone (Lee et al., 2010), while a similar study 

that evaluated 30 donor samples reported a 32.6% decrease in sDF (Said et al., 

2006). A further two studies, performed by Rawe et al. (2010) and Zhang et al. 

(2018) on randomly selected subfertile patients, reported a sDF reduction rate of 

60% and 47.6% respectively. These findings all correlate with those obtained in this 

study, as a significantly reduced sDF with a mean sDF reduction rate of 78% was 

established in the experimental group (DGC+MACS) when compared to the control 
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(DGC only) method (Table 4.6) . As seen in this study, the MACS procedure 

appeared to be extremely efficient in removing DNA fragmented spermatozoa.  

The reduction rate noted in this study was greater than that of the above-mentioned 

studies. In studies where healthy donor sperm samples exceeding the WHO (2010) 

criteria of normal sperm parameters, were used rather than sperm samples from 

subfertile males, a reduced sDF may be present to begin with. When comparing the 

amount of EPS present post-DGC between donor sperm samples and normal sperm 

samples from males suffering from idiopathic fertility, differences have been seen. 

The healthy donor sperm samples presented with 4.56% EPS and the subfertile 

males with 15.2% EPS (Barroso et al., 2006; Said et al., 2005a). Based on the 

findings that males suffering from infertility have an increased amount of sDF 

(Bejarano et al., 2012), it would follow that larger proportions of abnormal 

spermatozoa would, therefore, be retained on the MACS column, reducing the 

relative proportion of spermatozoa with sDF, post-DGC+MACS. As mentioned 

previously, the cause for sDF may be due to several factors and therefore the 

leading cause for sDF remains unclear. 

Magnetic Activated Cell Sorting is based on the separation of apoptotic 

spermatozoa, therefore, sperm samples with a high frequency of deregulated 

apoptosis will be characterized by an increased amount of retained apoptotic 

spermatozoa. This is expected in cases of idiopathic infertility, semen with low 

sperm motility, a high incidence of morphological abnormalities, and the excess 

production of ROS (Said & Land, 2011; Said et al., 2004). Such cases will, therefore, 

benefit the most from DGC+MACS and will yield high reduction rates.  
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The application of MACS after DGC has been reported to yield significantly lower 

numbers of spermatozoa as a result of the magnetically activated separation 

process (Bucar et al., 2015; Cakar et al., 2016; Dirican & Kalender, 2012). This 

effect was also observed in this study, with a significant reduction in both total sperm 

concentration (M/ml) and progressive motile concentration (M/ml) in the 

DGC+MACS group (Table 4.2). This reduction in the overall sperm concentration 

following the MACS separation technique was likely due to the removal of significant 

numbers of DNA fragmented/apoptotic spermatozoa. Several authors have 

published such findings as limitations of the technique, specifically for patients 

suffering from severe oligozoospermia, particularly for samples with counts < 1 M/ml 

and oligoasthenozoospermia (progressive motility <32%) (Grunewald, Paasch & 

Glander, 2001; Horta et al., 2016).  

Numerous studies have reported that MACS efficiently reduces overall sDF levels 

and yields results that positively affect the proportion of motile spermatozoa (Bochev 

et al., 2011; de Vantéry Arrighi et al., 2009; Herrero et al., 2012; Losada et al., 2012; 

Obejero et al., 2010; Rawe et al., 2009; Romany et al., 2012; Said et al., 2008; Said 

et al., 2005b; Winkle, Ditzel & Gagsteiger, 2006). Despite there not being a 

significant difference in motility between the two groups in this study, these findings 

do, however, illustrate that the addition of MACS to DGC did not impair motility 

(Table 4.2).  

In ART, the presence of sDF has been linked to decreased fertilization rates, 

impaired embryo development and increased pregnancy loss (Aitken & Krausz, 

2001; Duran et al., 2002; Morris et al., 2002; Sakkas et al., 1998; Tesarik, Mendoza-

Tesarik & Mendoza, 2006; Zini et al., 2001). An increased prevalence of disease(s) 

such as dominant genetic disease, infertility and cancer, has been reported for live 
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births originating from males with significant sDF (Aitken, 2005; Aitken & Krausz, 

2001). Since such spermatozoa can be selected to facilitate fertilization through 

ICSI, the question arose as to whether a relationship existed between sperm 

morphology and sDF.  

Direct correlations between normal sperm morphology and various apoptotic 

markers have been reported in several studies. The apoptotic markers included the 

percentage of EPS (Ricci et al., 2002; Shen & Ong, 2000) and percentage sDF 

(Chen et al., 2006; Sakkas et al., 2002; Siddighi et al., 2004). In contrast, Said et al. 

(2005a) found no relationship between normal morphology and sDF when using the 

Tygerberg strict criteria of assessment. This method of morphology assessment 

categorises the percentage of normal spermatozoa into three groups (i.e. normal 

range �•���������� �V�X�E�R�S�W�L�P�D�O�� �U�D�Q�J�H�� ��-15% and poor prognosis 0-4%). The findings in 

the current study support that observation, in that although there was no statistically 

significant difference between the two groups in the proportion of normal 

spermatozoa obtained post-DGC versus post-DGC+MACS, there was a significant 

difference between the TZI values (Table 4.3). Spermatozoa processed by DGC 

and DGC+MACS were selected to establish the relationship between sperm 

morphology, TZI and sDF, without the interference of moribund or necrotic 

spermatozoa found in semen.  

Normal morphology, specifically of the sperm nucleus, has been identified as an 

important aspect for achieving pregnancy after ICSI (Bartoov et al., 2003). In the 

current study, the spermatozoa processed by DGC+MACS yielded fewer defects 

per abnormal spermatozoon when compared to DGC alone (Table 4.4). For the 

abnormal spermatozoon, head defects remained the most prominent defect in both 

the groups followed by midpiece, tail, and finally cytoplasmic droplets, like the 



72 
 

 
 

results for seminal spermatozoa. When comparing the relative incidence of head 

defects, midpiece defects, tail defects and cytoplasmic droplets between the two 

groups, a significant reduction was observed in each category following MACS 

processing (p < 0.05, p < 0.01, p < 0.01, p < 0.05, respectively). 

Despite no significant difference being observed for the proportion of normal forms 

between the two groups, the significant reduction in TZI is associated with the 

reduction of sperm defects when regarding the relative incidence per defect. 

Therefore, applying the MACS technique after DGC will not only improve the TZI, 

but it will significantly reduce the incidence of MACS-treated spermatozoa 

presenting with multiple abnormalities.  

Multiple studies have reported the implication of deregulated apoptosis in the 

pathogenesis of male infertility (Said et al., 2005a). Therefore, based on the findings 

of this study, there is an increased probability that a spermatozoon will appear 

morphologically normal despite having fragmented DNA.  

A study performed by Brits et al., (2019) at our clinic, Vitalab Sandton, evaluated the 

correlation between sperm morphology and TZI results with clinical and laboratory 

outcomes in our ART setting, including fertilization, blastocyst, euploidy, and 

pregnancy rates. A total of 141 couples who had received IVF treatment between 

2017 and 2019 were included in the study. When analysing the correlation between 

the laboratory and clinical outcomes, the results showed a significant negative 

correlation between the percentage of spermatozoa with normal morphology and 

embryo utilization rate, fertilization rate (r=-0.6076, p=0.0075), and the normal 

fertilization rate (r=-0.5888, p=0.0101). Furthermore, a significant negative 

correlation was observed between the euploidy rate and head defects (r=-0.2817, 
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p=0.0472), suggesting that the presence of head defects could lead to lower 

euploidy rates in ART cycles.  

5.1 Clinical implications, limitations, and future studies  

The existing literature regarding the influence of sDF on ART outcomes remains 

controversial. A study showing a strong influence of sDF on male reproductive 

health encouraged the use of DNA testing as a routine diagnostic tool and for all 

therapeutic procedures (Simon, Emery & Carrell, 2017). In contrast, earlier meta-

analyses and reviews did not support the clinical use of sDF (Collins, Barnhart & 

Schlegel, 2008; Zini et al., 2011). In studies investigating the effect of sDF on ICSI 

outcomes, using a SCD assay, there was no difference seen for outcomes such as 

FR, embryo quality, CPR, MR and LBR (Ni et al., 2014; Nuñez-Calonge et al., 2012; 

Sharbatoghli et al., 2012; Tavalaee et al., 2012). However, in several other studies, 

significant differences were observed for CPR (Gosálvez et al., 2013; Zhang et al., 

2015) as well as FR and embryo quality (Brez�Q�L�N�����.�R�Y�D�þ�L�þ���	���9�O�D�L�V�D�Y�O�M�H�Y�L�ü�����������������G�H��

la Calle et al., 2008).  

The double strand breaks present in apoptotic spermatozoa form part of the 

category of lesion that has been considered most detrimental and should be 

repaired in order for chromosome integrity to be maintained (Mehta & Haber, 

2014). The removal of significant numbers of apoptotic spermatozoa by MACS, will 

reduce the probability of such spermatozoa being selected for potential fertilization 

in assisted reproduction. Adversely, should apoptotic spermatozoa be introduced 

into an oocyte, double strand breaks may occur in the embryo during DNA 

replication resulting in structural chromosomal abnormalities (Marchetti et al., 

2002). Should this occur, then the correct mitotic segregation of chromosomes will 
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be affected, resulting in genomic instability and cell death which essentially affects 

embryo development. However, when DNA repair is complete, the morula and 

blastocyst stages can be achieved, and the paternal genome would be expressed 

correctly at this stage. The latter will, therefore, assist in achieving improved 

embryo development and higher pregnancy rates (De Waele, 2018). 

In a systematic review on sperm DNA damage, fertilization and embryo quality, 

many authors reported a positive correlation between sperm DNA damage and 

embryo quality (Palermo, Munne & Cohen, 1994; Sakkas et al., 2004; Shoukir et 

al., 1997; Taylor et al., 1997; Zini et al., 2011). In addition, further reports expressed 

significantly improved pregnancy rates when utilizing the MACS method of sperm 

processing (Dirican & Kalender, 2012; FU, 2009). A meta-analysis and mini-review 

conducted by Gil et al. (2013) that included 499 patients from different prospective 

randomized trials, deduced that MACS as a sperm selection method resulted in 

significantly improved pregnancy rates, when compared with standard techniques 

such as DGC. Despite the MACS sperm selection procedure having been reported 

to show improved reproductive outcomes in couples undergoing ICSI cycles, other 

studies have been unable to show improved ART outcomes as a result of MACS 

(Buzzi et al., 2010; de Fried & Denaday, 2010; Rawe et al., 2010; Romany et al., 

2014; Van Thillo et al., 2011).  

Magnetic Activated Cell Sorting is a technique widely used to treat male factor 

infertility; however, numerous studies do not give specific reference to the type of 

male factor being treated (e.g. asthenozoospermic, oligozoospermic, 

teratozoospermic). Thus, some patient groups may benefit more than others when 

applying DGC+MACS (Herrero et al., 2012). To establish the efficacy of the MACS 
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procedure, further systematic controlled studies are required whereby 

homogeneous groups can be directly compared. When regarding ART outcomes, 

examining the effects that DGC in conjunction with MACS may have on laboratory 

and clinical outcomes such as fertilization, embryo, blastulation, utilization, and 

euploidy rates in addition to IR, PR and CPR. The application of a double blinded 

randomized control trial to establish the latter is recommended.  
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CHAPTER 6 

SUMMARY AND CONCLUSION  

Sperm DNA fragmentation is a potential hindrance to reproduction in humans. 

Although the presence of sDF has been reported to affect both natural and assisted 

reproduction, the spermatozoa of subfertile males have been shown to possess 

greater levels of impaired DNA than those of fertile males. Suggested causes of sDF 

include abortive apoptosis, oxidative stress, associations with male genital tract 

infection, and defects during spermiogenesis.  

Externalization of PS specific to the inner leaflet of the sperm plasma membrane 

has been shown to be an early sign of apoptosis. This is the main sperm surface 

apoptotic marker that can be isolated using Annexin V, a phospholipid-binding 

protein that binds selectively to any exposed PS. During MACS, any binding that 

occurs between spermatozoa and the Annexin V microbeads is indicative of 

impaired cellular membranes and the presence of apoptotic markers. The addition 

of MACS to standard methods, such as DGC, has been shown to complement the 

processing method through molecular selection, rather than just sperm sorting 

according to density.  

A primary reason for an unsuccessful ART procedure may be the inclusion of 

apoptotic/DNA fragmented spermatozoa during an in vitro method of fertilization. 

Despite good motility, concentration, and normal morphological appearance, the 

spermatozoa may have fragmented DNA or abnormal chromatin, therefore, 

resulting in poor outcomes from using such spermatozoa. As shown in this study, 

the spermatozoa retrieved post-DGC+MACS had significantly reduced levels of 
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DNA fragmentation and significantly improved TZI when compared to spermatozoa 

processed by only the conventional DGC method. No significant differences were 

observed for sperm motility, progressive motility, or normal sperm morphology 

between the two groups. The total and progressive motile sperm concentration did 

significantly decrease after the application of MACS; however, this analysis 

correlates with the efficiency of MACS in removing DNA fragmented spermatozoa.  

Applying MACS after DGC may lead to an improvement in ART success rates. 

However, despite the application of DGC+MACS showing a significantly reduced 

level of sDF and improved TZI, further studies are required to evaluate the feasibility 

and potential risks involved when implementing MACS in an ART laboratory 

protocol. Certain subgroups of male infertility should be evaluated independently. 

Furthermore, laboratory outcomes such as FR, embryo development, blastulation 

rates, euploidy rates, and clinical outcomes should be investigated for the true 

efficacy of MACS in relation to ART outcomes to be determined.  
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ANNEXURE B 

INFORMATION LEAFLET AND INFORMED CONSENT 

 

 

INFORMATION LEAFLET AND INFORMED CONSENT  

PROJECT TITLE:  
 

Magnetic Activated Cell Sorting versus Density Gradient Centrifugation in Assisted 
Reproductive Technology 

Primary investigator:   
 

Mrs J Jardim, Magister Technologiae candidate (B-Tech Cum Laude in Clinical Technology 
�± Reproductive Biology), Department of Biomedical Sciences, Tshwane University of 
Technology 
 
Study leader:   
 

L Repsold (MSc Human Physiology Cum Laude), Department of Biomedical Sciences, 
Tshwane University of Technology, Pretoria and Department of Human Physiology, 
University of Pretoria. 
 
Co-study leaders:   
 

Dr Sharon Mortimer (PhD in the Faculty of Medicine, University of Sydney, Australia)    
 

Dear potential research participant, 

�<�R�X�� �D�U�H�� �L�Q�Y�L�W�H�G�� �W�R�� �S�D�U�W�L�F�L�S�D�W�H�� �L�Q�� �D�� �U�H�V�H�D�U�F�K�� �V�W�X�G�\�� �W�K�D�W�� �I�R�U�P�V�� �S�D�U�W�� �R�I�� �P�\�� �I�R�U�P�D�O�� �0�D�V�W�H�U�¶�V��
Degree. This information leaflet will assist you in deciding whether or not you wish to 
participate in the study.  Before you agree to take part, you should fully understand and be 
completely satisfied with all aspects involved in the study.   
 

WHAT IS THE STUDY ABOUT?  
 
In order for sperm to be used in Assisted Reproduction, the semen specimen must undergo 
several sperm washing techniques. The selection of the best sperm for any procedure will 
assist in fertilization and ultimate development to a live birth. Magnetic Activated Cell Sorting 

FACULTY OF SCIENCE 

DEPARTMENT OF 

BIOMEDICAL SCIENES 
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(MACS) allows for the final sperm to be selected based on specific markers that bind to the 
surface of the sperm membrane. Therefore, allowing for a reduced selection of sperm with 
negative parameters such as DNA fragmentation (abnormal genetic material within 
the sperm, which may cause male subfertility and IVF failure). The experimental technique 
MACS will allow for the separation of normal/non-apoptotic from abnormal/apoptotic sperm. 
The MACS ART Annexin V product that will be used has undergone all the necessary quality 
control tests and has been declared safe for use in human assisted reproduction. Please 
refer to the attached document for more information on previous research that has been 
performed in humans to support the safety of this specific product.  
 
The objective of this research project is to establish whether the addition of the MACS sperm 
�V�H�O�H�F�W�L�R�Q�� �W�H�F�K�Q�L�T�X�H�� ���H�[�S�H�U�L�P�H�Q�W���� �W�R�� �9�L�W�D�O�D�E�¶�V�� �V�W�D�Q�G�D�U�G�� �G�H�Q�V�L�W�\�� �J�U�D�G�L�H�Q�W�� �F�H�Q�W�U�L�I�X�J�D�W�L�R�Q��
protocol (control), will show statistically improved or comparable results when analysing the 
laboratory and clinical outcomes. Should this technique prove beneficial and financially 
feasible for future patients, Vitalab will consider adding it to the sperm processing protocol 
that is currently in place.  
 

WHAT WILL YOU BE REQUIRED TO DO IN THE STUDY?  
 
Should research participants meet the inclusion criteria for this study, participants will follow 
the normal protocol currently in place at Vitalab. No additional time or procedures will be 
requested from the research participants.  
 
The male will produce a fresh semen sample as per standard Vitalab guidelines described 
in the information leaflet provided at the initial consultation with the co-ordinator. The semen 
�V�D�P�S�O�H���Z�L�O�O���W�K�H�Q���E�H���S�U�R�F�H�V�V�H�G���D�V���S�H�U���9�L�W�D�O�D�E�¶�V���V�W�D�Q�G�D�U�G�L�]�H�G���V�S�H�U�P���Z�D�V�K�L�Q�J���S�U�R�F�H�G�X�U�H�����7�K�H��
washed sperm will then be separated into two parts. The first part will remain as is and act 
as a control and the additional MACS sperm selection technique will then be applied to the 
second part which will form part of the experimental group. 
 
The ART approved MACS ART Annexin V kit will be used based on the principle that the 
Annexin V micro-beads will bind to any sperm showing apoptosis/abnormalities. With the 
addition of a magnetic field, only the Annexin V-bound abnormal sperm will migrate towards 
the magnet, resulting in the separation of normal non-apoptotic sperm from abnormal 
apoptotic sperm. The normal non-apoptotic sperm will then be evaluated. 
 
No additional fees will be requested from the research participant should the MACS 
technique be applied. 
 
 
If you decide to take part in the study, you will be required to do the following: 
 

�x To sign this informed consent form 

�ƒ Signing this consent form will not only grant us the permission to conduct the 
MACS experiment on your sperm sample, but it will also grant the researcher 
permission to access your patient data. 

�ƒ The research data will be stored on the private Vitalab server that will only 
be accessed by the research team. The data will be stored for the duration 
�R�I�� �W�K�H�� �V�W�X�G�\�� �D�Q�G�� �W�K�H�Q�� �D�U�F�K�L�Y�H�G�� �L�Q�W�R�� �9�L�W�D�O�D�E�¶�V�� �5�H�V�H�D�U�F�K�� �D�Q�G�� �'�H�Y�H�O�R�S�P�H�Q�W��
section. 

�ƒ �$�V�� �D�J�U�H�H�G�� �X�S�R�Q�� �L�Q�� �W�K�H�� �³CONSENT AND DECLARATION FORM FOR 
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PARTICIPATION IN THE ASSISTED REPRODUCTION PROGRAMME OF 
�9�,�7�$�/�$�%�´- Should the results of your treatment and/or any aspect of it be 
published in medical or scientific journals, all possible precautions will be 
taken to protect your anonymity.   

 
 
ARE THERE ANY CONDITIONS THAT MAY EXCLUDE YOU FROM THE STUDY?  
 
You will not be eligible to participate in this study if you are over 40 years of age, if your 
sperm parameters do not comply with the World Health Organisation (WHO) guidelines, 
and if frozen spermatozoa or frozen oocytes are to be used. 
 
CAN ANY OF THE STUDY PROCEDURES RESULT IN PERSONAL RISK, 
DISCOMFORT OR INCONVENIENCE? 

According to the extensive research performed on humans prior to the authorized 
manufacturing and selling of the MACS product by Miltenyi Biotec Germany, 
implementation of the MACS technique will not cause any risk to you or your procedure. 
Currently, the MACS intervention/product has been declared safe for use in human ART 
(please see attached document for study references) *. Adding this technique to your 
standard treatment will either result in comparable or improved sperm results. Therefore, 
participation in this study will involve no additional risks, discomfort and/or inconveniences 
compared to the standard risks involved in Assisted Reproduction. However, due to the lack 
of follow-up studies investigating the long-term effects of MACS on humans, the possibility 
of any future negative result on human gametes, embryos and laboratory outcomes cannot 
be precluded. 

WHAT ARE THE POTENTIAL BENEFITS OF PARTICIPATING IN THE STUDY?  
 
The direct benefits of participating in this study are: 

�x Allowing the potential for the most optimal sperm to be selected for your future treatment 
�x Potential for your future treatment to have improved laboratory outcomes 
�x �3�R�W�H�Q�W�L�D�O���I�R�U���\�R�X�U���I�X�W�X�U�H���W�U�H�D�W�P�H�Q�W���W�R���K�D�Y�H���D�Q���L�Q�F�U�H�D�V�H�G���³�7�D�N�H���+�R�P�H���%�D�E�\���5�D�W�H�´ 
�x You will contribute towards establishing an improved sperm processing method with a 

defined sperm selection technique, should the study yield statistically significant results 

WILL YOU RECEIVE ANY FINANCIAL COMPENSATION OR INCENTIVE FOR 
PARTICIPATING IN THE STUDY?  
 
Please note that you will not  be paid to participate in the study. However, you will have had 
the additional sperm selection technique MACS applied at no extra cost. 

WHAT ARE YOUR RIGHTS AS A PARTICIPANT IN THIS STUDY?  
 
Your participation in this study is entirely voluntary. You have the right to withdraw 
acceptance without any penalty or future disadvantage whatsoever. Furthermore, you need 
not provide the reason/s for your decision. Your withdrawal will in no way influence your 
continued care and relationship with the health care team. Note that you are not waiving 
any legal claims, rights or remedies because of your participation in this research study. 
 

HOW WILL CONFIDENTIALITY AND ANONYMITY BE ENSURED IN THE STUDY?  
 
All information obtained during the course of this study is strictly confidential. The study data 
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will be coded so that it will not be linked to your name in any way. Your identity will not be 
revealed while the study is being conducted or should the study be published into any 
scientific journals. All the data sheets that have been collected will be stored in a secure 
place. Any information that is obtained in connection with this study and that can be 
identified with you will remain confidential. Access to your coded data will be strictly limited 
to the researcher, the supervisors of the study, data coders, field workers, members of the 
research ethics committee and/or the designated examiners (appointed by Tshwane 
University of Technology). The information received during the project will only be used for 
research purposes and not be released for any academic assessment, study progress, 
disciplinary purposes and/or study permit-related matters.  
 

 
*Appendix H will be attached to the informed consent document that will be issued to potential research participants  

IS THE RESEARCHER QUALIFIED TO CARRY OUT THE STUDY?  
 
The researcher will be working under the expert external supervision of a qualified 
professional in the field of study.  
The researcher is a qualified senior embryologist registered at the Health Professions 
Council of South Africa (HPCSA) and has previously completed similar research studies.   
 
HAS THE STUDY RECEIVED ETHICAL APPROVAL?  
 
Yes. The Faculty Committee for Postgraduate Studies and the Research Ethics Committee 
of the Tshwane University of Technology have approved the formal study proposal. Also, 
the practicing Doctors/Partners of Vitalab, Centre for Assisted Conception have granted 
written approval for the study. All parts of the study will be conducted according to 
internationally accepted ethical principles. 
 
STUDY FEEDBACK  
 
Feedback will be given by means of an electronic mail to all research participants, upon 
completion of the Masters Project.  
 
EXPERIMENTAL PROCEDURE 

���•�� �•�–�‹�’�—�Ž�ƒ�–�‡�†�� �‘�•�� �’�ƒ�‰�‡�� �w�á�� �’�‘�‹�•�–�� �s�t�� �‘�ˆ�� �–�Š�‡�� �òCONSENT AND DECLARATION FORM FOR 
PARTICIPATION IN THE ASSISTED RE�����������������������������
���������������	�����������������ó�á�� embryos 
that do not grow appropriately, embryos that are not suitable for freezing, and all aneuploid 
(genetically abnormal) embryos will be discarded accordingly. All semen samples will be 
discarded 24 hours after the procedure has been performed.  

WHO CAN YOU CONTACT FOR ADDITIONAL INFORMATION REGARDING THE 
STUDY? 
 
The primary investigator, Mrs J Jardim, can be contacted during office hours at Tel (011) 
911-4700, or on her cellular phone at 076 474 2690. The study leader, Ms Lisa Repsold, 
can be contacted during office hours at Tel (012) 382-6218. Should you have any questions 
regarding the ethical aspects of the study, you can contact the chairperson of the TUT 
Faculty Research Ethics Committee, Dr EI Olivier, during office hours at Tel (012) 382 6393, 
E-mail OlivierEI@tut.ac.za. Alternatively, you can report any serious unethical behaviour at 
�W�K�H���8�Q�L�Y�H�U�V�L�W�\�¶�V���7�R�O�O-Free Hotline 0800 21 23 41. 
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It is standard practice at Vitalab to ensure all patients are kept informed during each phase 
of treatment. As per Vitalab protocol, the assigned nurse co-ordinator(s) and doctor(s) will 
also provide appropriate counselling if or when necessary.  

DECLARATION: CONFLICT OF INTEREST  
 
This research study was funded by Vitalab, Centre for Assisted Conception. The DNA 
fragmentation kits to be used were sponsored by Delfran Pharmaceuticals. No publication 
prohibitions or limitations were placed on the researcher. 
 
A FINAL WORD  
 
Your co-operation and participation in this study will be greatly appreciated. Please sign the 
informed consent below if you agree to participate in the study. In such a case, you will 
receive a copy of the signed informed consent from the researcher. 
 
 
 
 
 

 
CONSENT 
 
I hereby confirm that I have been adequately informed by the researcher about the nature, 
conduct, benefits and risks of the study. I have also received, read and understood the 
above written information.  I am aware that the results of the study will be anonymously 
processed into a research report. I understand that my participation is voluntary and that I 
may, at any stage, without prejudice, withdraw my consent and participation in the study. I 
had sufficient opportunity to ask questions and of my own free will declare myself prepared 
to participate in the study. 
 
 
�5�H�V�H�D�U�F�K���S�D�U�W�L�F�L�S�D�Q�W�¶�V���Q�D�P�H����                             (Please print)  
 
 

�5�H�V�H�D�U�F�K���S�D�U�W�L�F�L�S�D�Q�W�¶�V���V�L�J�Q�D�W�X�U�H����                             
 
 

Date:                
 
 

 
�3�D�U�W�Q�H�U���R�I���U�H�V�H�D�U�F�K���S�D�U�W�L�F�L�S�D�Q�W�¶�V���Q�D�P�H����                             (Please 
print)  
 
 

�3�D�U�W�Q�H�U���R�I���U�H�V�H�D�U�F�K���S�D�U�W�L�F�L�S�D�Q�W�¶�V���V�L�J�Q�D�W�X�U�H����                             
 
 

Date:                
 
 
 

 
�5�H�V�H�D�U�F�K�H�U�¶�V���Q�D�P�H����                                                     (Please print) 
 

�5�H�V�H�D�U�F�K�H�U�¶�V���V�L�J�Q�D�W�X�U�H����                             
 
 

Date:                
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ANNEXURE C 

GOLDCYTO SPERM DNA KIT PRODUCT INSERT 
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