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Abstract 20 

In vitro fertilisation is an effective method of assisted reproductive technology in both humans and 21 

certain non-human animal species. In most species, specifically, in humans and livestock, high in vitro 22 

fertilisation success rates are achieved via the transfer of embryos with the highest implantation and 23 

subsequent developmental potential. In order to reduce the risk of multiple gestation, which could be 24 

a result of the transfer of several embryos per cycle, restrictive transfer policies and methods to 25 

improve single embryo selection have been implemented. A non-invasive alternative to standard 26 

microscopic observation of post-fertilisation embryo morphology and development is time-lapse 27 

technology; this enables continuous, uninterrupted observation of embryo development from 28 

fertilisation to transfer. Today, there are several time-lapse devices that are commercially available 29 

for clinical use, and methods in which time-lapse could be used to improve embryology are continually 30 

being assessed. Here we review the use of time-lapse technology in the characterisation of 31 

embryogenesis and its role in embryo selection. Furthermore, the prospect of using this technology 32 

to identify aneuploidy in human embryos, as well as the use of time-lapse to improve embryological 33 

procedures in agriculturally important species such as the pig and cow are discussed.  34 

 35 

Keywords – bovine, embryogenesis, human, IVF, porcine, time-lapse 36 

 37 

Introduction 38 

In vitro fertilisation (IVF) is one of several well-established methods of assisted reproductive 39 

technology (ART) used in clinics globally and the technique gives parents facing fertility disadvantages 40 

the chance to have offspring. According to the Human Fertilisation and Embryology Authority (HFEA) 41 

2013, fertility problems affect one in six couples in the United Kingdom and to date 2% of babies born 42 

here are conceived in vitro (HFEA, 2013). Since the introduction of IVF in the 1970s, this approach has 43 

been very successful, but a 100% success rate is still some way from being achieved. IVF is now also 44 
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making a major impact in various livestock species, and is particularly important in the cattle industry. 45 

Unfortunately, the commercialisation of this technique in some other agriculturally important species, 46 

such as the pig, is still some way off. 47 

 48 

Central to successful IVF in both human and agricultural situations is the transfer of embryos that will 49 

implant and develop correctly. In human IVF, a significant risk is multiple gestation pregnancies 50 

(Kovacs, 2012) that result, in most cases, from the transfer of several embryos per cycle in order to 51 

compensate for comparatively low implantation rates. For example, in 2009, out of 400,000 52 

intracytoplasmic sperm injection (ICSI) IVF cycles, 80,000 resulted in live births; a success rate achieved 53 

primarily due to the transfer of two or more embryos in over 75% of the cycles (Ferraretti et al., 2013); 54 

of these deliveries, a significant 20% were multifetal pregnancies. Over the decades, the incidence of 55 

multiple gestations has led to an increase in maternal and neonatal morbidity/mortality rates (Kovacs, 56 

2012). As such, restrictive transfer policies have now been implemented in a number of European 57 

countries following the implementation of the One Child at a Time report by the Human Fertilisation 58 

& Embryology Authority (HFEA). Procedures to develop single embryo selection techniques that could 59 

potentially eliminate the incidence of multiple gestations (with the exception of monozygotic 60 

twinning) are also being investigated (Practice et al., 2013).  Such procedures require assessment of 61 

the outcome of fertilisation and assessment of embryo quality. This is routinely done by observing the 62 

embryo microscopically to confirm that fertilisation has occurred and that development is proceeding 63 

as expected. An alternative to this is the use of time-lapse monitoring.  64 

   65 

Traditionally, embryo monitoring subsequent to IVF involves removing embryos from the culture 66 

environment, at least once per day, to evaluate embryo morphology and developmental progression. 67 

This method only provides embryologists with one still image, per day, of a dynamic process. 68 

Additionally,  culture conditions such as temperature, pH and humidity are disrupted which in turn 69 

has been shown to have a detrimental impact on the embryo’s development (Campagna et al., 2001). 70 
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Time-lapse technology, is a non-invasive, alternative to this approach that permits continuous, 71 

uninterrupted, observation of embryo development from the point of fertilisation to transfer 72 

(Kirkegaard et al., 2012). Under time-lapse imaging, the culture conditions are far less disturbed and 73 

embryologists are provided with additional, more detailed information such as cleavage patterns, the 74 

timing of cell divisions and changes to embryo morphology. Taken together, consideration of these  75 

parameters allows selection of embryos with higher implantation potential (Azzarello et al., 2012). 76 

The first use of time-lapse technology in embryology was in 1929 to map the development of rabbit 77 

embryos (Massip and Mulnard, 1980). The first reported use of time-lapse in human IVF however, was 78 

not until several decades later in 1997, when the technology was used to map the development of 79 

human embryos that had been fertilised by ICSI (Payne et al., 1997). Since then, several time-lapse 80 

devices have been devised, and many studies have been performed to assess how time-lapse 81 

technology could improve prospects in embryology for both human and non-human animal species. 82 

This review will focus on the use of time-lapse technology in the characterisation of embryogenesis 83 

and its role in embryo selection in several species including the human, mouse and some agriculturally 84 

important livestock species. Furthermore, the prospect of using the technology to identify aneuploidy 85 

in embryos has been discussed. 86 

 87 

Time-lapse analysis of embryogenesis 88 

Time-lapse embryo imaging enables non-invasive observation of key developmental markers such as 89 

polar body extrusion, pronuclear formation, cleavage timings and patterns as well as enabling 90 

identification of fragmentation throughout the developmental process (Leary et al., 2015). Time-lapse 91 

analyses of in vitro embryo development have been conducted in several species, which include but 92 

are not limited to mouse (Beraldi et al., 2003; Togashi et al., 2015; Yamazaki et al., 2007), hamster 93 

(Gonzales et al., 1995) and zebrafish (Cooper and D’Amico, 1996). This approach has also been 94 

successfully used in the analysis of embryogenesis in the invertebrate model organisms Drosophila 95 

melanogaster and Caenorhabditis elegans. These systems demonstrate the experimental power 96 



 

 5 

allowed when, for example, hundreds of Drosophila embryos can be simultaneously and precisely 97 

oriented and imaged (Chung et al., 2011; Levario et al., 2013; Yanik et al., 2011). Similar to the situation 98 

in Drosophila, techniques have been developed that combine microfluidics, automated imaging and 99 

automation of image processing to allow the analysis of aspects of embryogenesis in the nematode C. 100 

elegans. For example, such systems have been used to quantify the effects of mutations on the timing 101 

of various stages of embryogenesis differences (Cornaglia et al., 2015).  102 

 103 

When imaging embryos, both the duration of light exposure and the wavelength of the light should 104 

be considered; for example, it has been shown that low wavelength light (below 550nm, 105 

approximately 15% of the light emitted from a standard microscope used for IVF) impedes embryo 106 

development (Oh et al., 2007; Takenaka et al., 2007), due to localised heating causing DNA damage or 107 

generating free-radical species in the blastomeres (Frigault et al., 2009; Wong et al., 2013). This is of 108 

particular importance when transitioning away from standard embryo monitoring (for example, taking 109 

an image once per day), to time-lapse microscopy, where in some cases, numerous Z-stack images are 110 

taken every few seconds or minutes; such procedures risk damage to the embryo, particularly when 111 

imaging is very intensive. Time-lapse devices (some of which are discussed later) usually employ visible 112 

light imaging as opposed to ultraviolet, fluorescence or infrared due to the comparatively less 113 

damaging nature (Wong et al., 2013). Moreover, it has been shown that light emitted from time-lapse 114 

devices does not have a detrimental impact on embryo development (Kovacs, 2014); for example, it 115 

has been reported that the exposure time for the acquisition of 3024 images in the Embryoscope time-116 

lapse system takes 136 seconds, compared to an average of 167 seconds for a single assessment in 117 

standard monitoring (Ottosen et al., 2007). 118 

 119 

In mammalian embryology, the best studied system is the mouse (Mus musculus) (Mukaida et al., 120 

1998). In this species, several studies have used time-lapse technology to investigate various 121 

morphokinetic parameters such as polarisation patterns of pronuclei, cleavage timings and how these 122 
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kinetics could be predictive of preimplantation embryonic development (Hiiragi and Solter, 2004; Lee 123 

et al., 2015; Motosugi et al., 2005; Pribenszky et al., 2010). Cleavage rates have also been 124 

characterised as a predictive tool during embryo selection to assess developmental potential (Arav et 125 

al., 2008). Additionally, time-lapse technology has been used to investigate the impact of oxygen 126 

concentration on mouse embryo development, revealing that embryos cultured at atmospheric 127 

oxygen levels (around 20%) reached 1st, 2nd and 3rd cleavage stages faster than those that were 128 

cultured in 5% oxygen (Wale and Gardner, 2010). Moreover, in comparison to partial or complete 129 

culture in atmospheric oxygen, embryo culture in 5% oxygen led to significantly higher blastocyst cell 130 

numbers (Wale and Gardner, 2010). Furthermore, Ugajin and colleagues conducted a comparative 131 

prospective study using mouse embryos, in order to assess the effects of blastomere biopsy on early 132 

embryonic development (Ugajin et al., 2010). Time-lapse imaging was used to monitor morphokinetic 133 

parameters such as blastocoel formation, duration of hatching, number of contractions and 134 

expansions between formation of blastocyst and end of hatching, as well as the maximum diameter 135 

of the expanded blastocyst; these parameters were compared for both biopsied and non-biopsied 136 

embryos. These comparisons revealed that intact embryos initiated compaction at the 8-cell stage as 137 

opposed to the 6-cell stage for biopsied embryos (Ugajin et al., 2010). Moreover, it was found that 138 

intact embryos hatched faster and that the number of contractions and expansions after blastocyst 139 

formation were noticeably lower (Ugajin et al., 2010). Additionally, when blastocyst diameters were 140 

compared prior to hatching, no significant difference was observed between the two groups. As these 141 

results demonstrate, blastomere biopsy impacts on embryonal development; a surprising and 142 

unexpected result for many.  143 

 144 

Belli et al. (2004) used time-lapse technology to investigate two main types of chromatin organisation 145 

in mouse antral oocytes; surrounded nucleolus (SN) oocytes (nucleolus is surrounded with a Hoechst-146 

positive ring), and non-surrounded nucleolus (NSN) oocytes (nucleolus lacks this ring). Moreover, it 147 

has been shown that, following maturation to MII and subsequent fertilisation, only SN oocytes 148 
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develop past the 2-cell stage and reach full term. As such, in order to gain full insight into the dynamics 149 

of chromatin organisation during meiosis resumption, time-lapse was used to observe these oocytes 150 

for a period of 9 hours from the germinal vesicle stage to MII. These observations revealed that the 151 

specific timings of these events differed between the two types of oocytes based on their chromatin 152 

organisation (Belli et al., 2014). 153 

 154 

In one of the most recent and revolutionary studies published in the field of human embryology, 155 

embryos were successfully cultured in vitro for a record of 13 days in the absence of maternal tissues 156 

(Deglincerti et al., 2016; Shahbazi et al., 2016). This follows similar prior success in mice, where 157 

embryos were cultured beyond the blastocyst stage (Bedzhov et al., 2014). In this case, the authors 158 

obtained time-lapse phase contrast images using spinning-disc confocal microscopy with Z-stacked 159 

images being acquired over a range of 120µm (5µm intervals) every 30 minutes, as opposed to using 160 

a time-lapse device (Deglincerti et al., 2016; Shahbazi et al., 2016) (an incubator with integrated time-161 

lapse functionality; this is discussed in the following section). These studies revealed that there are 162 

not only species specific developmental events that occur after the blastocyst stage, but that embryos 163 

of at least two mammalian species demonstrate key milestones of normal development, even after 164 

the point of standard embryo monitoring up to hatched blastocyst stage (Bedzhov et al., 2014; 165 

Deglincerti et al., 2016; Shahbazi et al., 2016). Whilst blastocyst implantation has been hitherto 166 

underexplored, the identification of certain late developmental markers including those leading to cell 167 

fate determination for subsequent gastrulation, organogenesis and ongoing successful pregnancy, are 168 

as vital as the classification of morphokinetic parameters during early embryonic development. 169 

 170 

The role of time-lapse in embryo selection 171 

The implementation of clinically approved time-lapse devices that permit continuous and flexible 172 

monitoring of embryos has led to the identification of markers that may be indicative of low 173 
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implantation rates and of higher blastocyst developmental potential (Kirkegaard et al., 2012). Studies 174 

have demonstrated how these markers as well as other morphokinetic parameters such as 175 

appearance and disappearance of pronuclei, cleavage timings, duration of cell cycles and timings of 176 

development into blastocysts (Aparicio et al., 2013; Chamayou et al., 2013; Cruz et al., 2012; 177 

Hashimoto et al., 2012; Machtinger and Racowsky, 2013; Prados et al., 2012), could greatly influence 178 

clinical selection of embryos by offering new opportunities and approaches for embryologists.  179 

 180 

In one of the earliest studies involving the use of time-lapse technology in human embryology, Payne 181 

and colleagues (1997) analysed fertilisation events in 50 human oocytes that underwent ICSI. An 182 

environmental chamber that maintained standard incubation conditions was used to culture the 183 

presumptive zygotes. An Olympus IX-70 inverted microscope, equipped with a Perspex environmental 184 

chamber, was used for time-lapse monitoring; this began 30 minutes following ICSI and continued for 185 

17-20 hours (one image per minute). As a control, 487 sibling oocytes, that also underwent ICSI, were 186 

cultured in a conventional incubator, as opposed to time-lapse monitoring using a microscope with 187 

an environmental chamber, and fertilisation rates were compared. Findings revealed that 38 of the 188 

50 (>75%) time-lapse monitored presumptive zygotes fertilised normally (sibling oocytes too had a 189 

similar rate of fertilisation) and significant differences in the timings of polar body extrusion and 190 

pronuclear formation were identified (Payne et al., 1997). Morphology analysis and subsequent 191 

selection of early cleavage stage embryos has been shown to have a positive impact on embryo 192 

selection for IVF (Prados et al., 2012). In addition to this, it has been demonstrated that transferring 193 

early cleavage embryos (those in which embryonic mitosis began 25-27 hours following IVF/ICSI) 194 

results in better development of the embryo (less than 20% fragmentation and evenly sized 195 

blastomeres), as well as better overall clinical outcomes associated with IVF (Lee et al., 2012). 196 

Similarly, Van Monfoort et al., (2004), obtained a significantly higher pregnancy rate when early 197 

cleavage embryos were transferred and hence concluded that when selecting embryos for transfer, it 198 

is essential to consider cell number and morphology of embryos at cleavage stage and all the way 199 
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through embryo culture, not just on the day of transfer. Pronuclear morphology can also be evaluated 200 

by the observation of certain characteristic features in zygotes 16-18 hours post fertilisation; such 201 

events include  the number and distribution of nucleolar precursor bodies, the extent to which 202 

nucleolar precursor bodies are polarised as well as the presence of a cytoplasmic halo (Salumets et 203 

al., 2001). Such observations however are fairly controversial (Salumets et al., 2001), although there 204 

has been evidence to show that pronuclear morphology can be an important parameter to consider 205 

during embryo selection (Joergensen et al., 2014; Scott, 2003; Tesarik and Greco, 1999; Tesarik et al., 206 

2000). For example, in a prospective study (Azzarello et al., 2012), the pronuclear morphology of 159 207 

human embryos was compared to determine whether the morphology and/or the timings at which 208 

breakdown of the pronuclei occur, was a predictive factor of live birth. The study involved embryo 209 

culture and time-lapse monitoring (from fertilisation to intrauterine transfer) of embryos from a total 210 

of 130 couples that underwent fertility treatment via ICSI. Specifically, time-lapse monitoring was used 211 

to assess pronuclear morphology using six distinctive scoring systems at different times, and the 212 

pronuclear morphology of 46 embryos that resulted in live birth were compared to 113 embryos that 213 

did not. Whilst results revealed a significant delay in pronuclear breakdown of embryos that resulted 214 

in live birth, interestingly the morphology scoring systems did not prove to be useful in the prediction 215 

of live birth outcome. As such, it was concluded that whilst pronuclear morphology assessment had 216 

no significant impact on embryo selection, the timing of pronuclear breakdown is a useful parameter 217 

to be used during embryo selection (Azzarello et al., 2012). Moreover, it was made evident that since 218 

pronuclear morphology varies throughout the development of an embryo, time-lapse monitoring is a 219 

better tool, in comparison to single light microscopy, for the assessment of morphology and timing of 220 

pronuclear breakdown (Azzarello et al., 2012). 221 

 222 

The selection of embryos only through morphology assessment has however shown only limited 223 

success, with an average of only 20-40% of embryos selected for transfer successfully implanting 224 

(Ferraretti et al., 2013; Kovacs, 2012). Lemmen and colleagues used time-lapse technology to 225 
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investigate the sequence of events during early development of the embryo from the zygote stage up 226 

to cleavage stage (Lemmen et al., 2008). Here, a particular focus was to identify markers predictive of 227 

‘good quality’ embryos and of a higher implantation potential. The experiment involved monitoring 228 

102 fertilised human oocytes for 20-24 hours following fertilisation; various developmental stages 229 

were observed such as the disappearance of pronuclei and timing of cleavage; these were evaluated 230 

and compared for method of fertilisation (IVF / ICSI), quality of the embryo and rates of implantation. 231 

Results revealed that the pronuclei of presumptive zygotes that developed into 2- and 3-cell embryos 232 

disappeared later than in those that developed into ≥4-cell embryos and early onset disappearance of 233 

pronuclei was linked to a higher number of blastomeres on day 2 following oocyte retrieval. It was 234 

also observed that 4-cell embryos fertilised by ICSI, spent less time as 2-cell embryos, in comparison 235 

to those fertilised in vitro. Overall results showed no significant differences between embryos that 236 

were monitored using time-lapse and those that were cultured in a conventional incubator, indicating 237 

that time-lapse was a safe technique that could be used to monitor embryo development (Lemmen 238 

et al., 2008). 239 

 240 

Research by Borini and colleagues showed a few other interesting factors that could be considered 241 

when selecting for embryos with higher implantation potential (Borini et al., 2005). Specifically, their 242 

research demonstrated that non-invasive selection, through the assessment of intracytoplasmic and 243 

extracytoplasmic morphology, at the oocyte stage may not be useful in embryo selection. 244 

Furthermore, it was noted that follicular vascularisation could be used as a marker for selection 245 

criteria. Additionally it was found that culturing embryos to the blastocyst stage before selection could 246 

decrease the risk of aneuploidies and hence, aid in the selection of embryos (Borini et al., 2005). 247 

Meseguer and colleagues also evaluated the implantation potential of embryos using an 248 

Embryoscope® time-lapse incubator, based on certain morphokinetic parameters. From a total of 522 249 

transferred embryos, 247 embryos that either fully implanted or failed to implant completely were 250 

considered for further analysis and the remaining embryos were discarded (Meseguer et al., 2011). 251 
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The embryos were retrospectively analysed for timing of cleavage, blastomere size and 252 

multinucleation. Observations revealed that imbalances of blastomere size at the 2-cell stage, the time 253 

between cleavage from 2-cells to 3-cells, multinucleation at 4-cell stage and cleavage into 5 cells were 254 

all predictive of lower implantation potential (Meseguer et al., 2011). Several other studies have used 255 

time-lapse technology to observe morphokinetics during the development of an embryo, and have 256 

established that cleavage timings and appearance/disappearance of pronuclei can be indicative of 257 

implantation potential (Aguilar et al., 2014; Dal Canto et al., 2012; Kirkegaard et al., 2013; Liu et al., 258 

2014; Rubio et al., 2012). Conversely, a recent appraisal of the literature has suggested that time-lapse 259 

technology should not be routinely used in clinical IVF and that such technology should remain 260 

experimental at present (Racowsky et al., 2015). 261 

 262 

Can time-lapse be used to identify aneuploidy in embryos? 263 

Aneuploidy is the presence or absence of an extra chromosome which results in divergence from the 264 

diploid state (Hook, 1985), which is 46 in humans. Aneuploidy has been recognised as the most 265 

prominent chromosomal abnormality in humans (Campbell et al., 2013b; Hassold and Hunt, 2001), 266 

resulting in embryos failing to implant, and increasing the incidence of miscarriage and characteristic 267 

syndromes arising from aneuploidy (Fragouli et al., 2013; Hassold et al., 1996; Hassold and Hunt, 2001; 268 

Rajagopalan and Lengauer, 2004). The traditional approaches used to detect aneuploidy in human 269 

embryos are preimplantation genetic screening (PGS), which screens for chromosome abnormalities, 270 

and preimplantation genetic diagnosis (PGD) which is used to identify genetic disorders in embryos 271 

produced via IVF. Suspected embryos are screened using one of several techniques, including array 272 

comparative genomic hybridisation (aCGH) (Hellani et al., 2008), polar body biopsy and subsequent 273 

aCGH (Harper et al., 2010), as well as fluorescent in situ hybridisation (FISH) for chromosome analysis 274 

(Jansen et al., 2008) and polymerase chain reaction (PCR) during PGD (Sermon et al., 2004). However, 275 

whilst PGS has proven to be effective, it involves the use of expensive technology, it is not commonly 276 

available, and is an invasive procedure that requires the extraction of one or more cells of the embryo 277 
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during biopsy (Bisignano et al., 2011; Campbell et al., 2013b; Sermon et al., 2004; Wells and Delhanty, 278 

2000). 279 

 280 

As such, time-lapse technology has provided a potential non-invasive alternative to PGS, whereby, 281 

certain morphokinetic parameters are used to identify ploidy and hence, prenatally select euploid 282 

embryos for transfer. Such screening methods are particularly important given that abnormalities that 283 

affect whole chromosomes are key to embryos successfully reaching the blastocyst stage (Daughtry 284 

and Chavez, 2016). For example, Campbell and colleagues developed an ‘aneuploidy risk classification 285 

model’ which was capable of rating embryos (at the blastocyst stage) as being either low, medium or 286 

high risk of aneuploidy, simply based on association with certain subsequent factors such as failure to 287 

implant, foetal heart beat and incidence of live birth (Campbell et al., 2013a; Campbell et al., 2013b). 288 

Chawla (2014) cultured 460 IVF embryos in a time-lapse incubator (Embryoscope®) where kinetic 289 

parameters such as the appearance of second polar bodies, timings of appearance and disappearance 290 

of pronuclei, cleavage timings as well as durations of second and third cell cycles were evaluated in 291 

order to differentiate between aneuploid and euploid embryos. Findings revealed that, on average, 292 

the timings of pronuclei disappearance, cleavage into 2-cell and 5-cell stages, as well as the durations 293 

of the second and third cell cycles varied significantly for normal and abnormal embryos, thus, 294 

concluding that morphokinetic parameters could indeed be indicative of ploidy status in early embryos 295 

(Chawla et al., 2014). In a comparable retrospective cohort study, similar morphokinetic variables of 296 

504 embryos were analysed using a time-lapse monitoring device and it was found that certain kinetic 297 

behaviours of chromosomally normal and abnormal embryos vary (Basile et al., 2014). A more recent 298 

study (Vera-Rodriguez et al., 2015) used time-lapse technology to evaluate the relationship between 299 

ploidy status and certain morphokinetic parameters such as the duration of first cytokinesis, time 300 

between appearance and disappearance of pronuclei, and the time between various cell stages (2-cell 301 

to 3-cell and 3-cell to 4-cell).  This was achieved by culturing 85 human embryos in a standard tri-gas 302 

incubator and using an Auxogyn inverted digital microscope system to perform the time-lapse 303 
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monitoring. In order to obtain images of the entire embryo, throughout the duration of the culture, 304 

dark-field and bright-field images were captured automatically at 5-minute intervals, and 305 

supplementary bright-field images were captured at 10 equidistant planes at varying intervals. An 306 

additional image was also captured prior to removal of each embryo from the incubator. When 307 

evaluating results, 23 embryos showed defined aneuploidies, of which eight were single chromosomal 308 

abnormalities. Moreover, mosaicism among blastomeres was identified in six embryos. Overall, it was 309 

found that based on morphokinetic developments, ploidy status could be potentially identified at a 310 

very early stage of embryonic development, the pronuclear stage (Vera-Rodriguez et al., 2015). 311 

 312 

In contrast to this, other studies have demonstrated contradictory findings, with regard to identifying 313 

morphokinetic parameters that are characteristic of either aneuploid or euploid embryos (Kramer et 314 

al., 2014). Critically, selection models developed using time-lapse observations from one dataset, may 315 

not be representative across all populations of patients (Campbell et al., 2013a; Campbell et al., 316 

2013b). As such, whilst time-lapse could be used as a potential selection tool for patients who are not 317 

able to undergo PGS due to financial or legal constraints, it is evident there is still a necessity for more 318 

research to be conducted before time-lapse can be established as a complete replacement for PGS 319 

(Gardner et al., 2015). 320 

 321 

Time-lapse embryo imaging in domesticated animals  322 

As described above, the integration of time-lapse technology in human embryology clinics has had 323 

several positive impacts such the benefits of uninterrupted incubation, as well as permitting the 324 

identification of morphokinetic parameters, such as cleavage timings and pronuclear formation, as 325 

predictive markers of embryo viability. In recent years there has been growing interest within 326 

agricultural breeding communities to improve embryology procedures in agriculturally important 327 

species such as pig (Sus scrofa domesticus), cow (Bos taurus) and sheep (Ovis aries) (Polge and 328 

Willadsen, 1978; Vajta, 2000). Such species are essential for the production of meat and milk. In 329 
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addition, the United Nations have suggested that the world population will grow to a projected 9.15 330 

billion by 2050 (Alexandratos and Bruinsma, 2003) and meat production is expected to rise in order 331 

to supply an associated 20% increase in demand. The successful implementation of embryological 332 

technologies in all livestock species has the potential to provide important tools for the widespread 333 

genetic improvement. Particularly in species such as the pig, improved methods of embryo selection 334 

would enable better dissemination of breeding stock that would, in turn, result in more effective 335 

production of meat products globally. However, it is important to note that objectives may not 336 

necessarily be the same across all livestock species. In cattle for example, the key purpose of 337 

developing embryological technologies is to obtain higher rates of genetic selection, by increasing 338 

female selection efficiency. The development of reproductive technologies such as cloning, PGD and 339 

transgenesis also have the potential to be useful in increasing the effect that genetically superior 340 

animals could have on the dairy cattle breeding industry (Moore and Thatcher, 2006).  341 

 342 

Multiple ovulation and embryo transfer (MOET) has shown success within the cattle breeding 343 

industry, in terms of increasing reproductive rates of both individual cows and herds, and has been 344 

used in many traditional progeny testing schemes for the last four decades (Hasler, 2014). The 345 

technique involves the use of Follicle Stimulating Hormone (FSH) to stimulate the release of more than 346 

one egg per cycle. This allows for fertilisation of multiple eggs in vivo, which are then non-surgically 347 

collected (approximately one week following AI or natural mating). Embryos can then either be frozen 348 

and stored for future use, or be transferred into recipient cows. This permits the production of more 349 

progeny from female cows of genetic superiority (Hasler, 2014). It has been shown that MOET 350 

significantly increases genetic gain by 30%; achieved by using selected females and reducing 351 

generation intervals (Nicholas and Smith, 1983). Transvaginal oocyte retrieval or ovum pick-up (OPU) 352 

is performed on immature young females, which is then combined with IVF procedures to reduce 353 

generation intervals (Rick et al., 1996). Moreover, combining MOET with OPU can contribute towards 354 

increasing progeny number per donor, thereby enhancing selection between half sibs and full sibs 355 



 

 15 

(Thomasen et al., 2015). In addition, regardless of species, embryo morphokinetic profiling would 356 

permit the selection of viable embryos with the highest implantation potential and also provide insight 357 

into the development of embryos from fertilisation to the point of transfer.  358 

 359 

To date, whilst there has been no commercial application of time-lapse technology in any of the 360 

agriculturally significant animals, some time-lapse studies have been conducted in the pig and cow 361 

(Goto et al., 1989; Holm et al., 2002;  Lechniak et al., 2008; Lequarre et al., 2003; Massip and Mulnard, 362 

1980; Massip et al., 1982; Peippo et al., 2001; Ramsing et al., 2007; Somfai et al., 2010). Whilst 363 

traditional cattle embryo in vitro production (IVP) involves embryo grading, based on morphology, at 364 

static time points, it has been shown that these are not always representative of the development 365 

and viability of an embryo in vivo (Basile et al., 2014). However, the use of time-lapse technology for 366 

morphokinetic assessment in this species has previously been studied; for example, in 1994, Grisart 367 

and colleagues evaluated the development of in vitro produced bovine embryos using time-lapse 368 

cinematography. 130 embryos that were cultured in serum-free oviduct-conditioned medium were 369 

monitored throughout a period of 8 days, from 1-cell to blastocysts. Timings of cleavage, appearance 370 

of pronuclei, cleavage asynchrony between blastomeres within each embryo, and duration of cell 371 

cycles were among some of the observed morphokinetic parameters. Furthermore, one of the key 372 

observations made was that there were no significant differences in development between embryos 373 

that were cultured under time-lapse recording conditions and those cultured in a conventional 374 

incubator (Grisart et al., 1994). A similar, more recent, study involved the use of time-lapse to define 375 

and compare cell cycle durations of bovine embryos. Comparisons were made between; embryos that 376 

developed into compact morulae or blastocysts during a period of 174 hours post-insemination, male 377 

and female embryos, and embryos that arrested early. The study demonstrated that time-lapse 378 

technology enables simultaneous observation of developmental timings of multiple embryo groups, 379 

which can be useful when establishing a correlation between cleavage events and other 380 

morphokinetic parameters including post-transfer viability. Interestingly, it was also observed that 381 
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there were no notable differences in cleavage timings between male and female embryos (Holm et 382 

al., 2016); this is in contradiction to (Yadav et al., 1993) who found that early cleaving embryos were 383 

more likely to be male. In relation to this, it has been shown that the duration of oocyte maturation 384 

may have an effect on the sex ratio of bovine in vitro produced offspring (Agung et al., 2006).   385 

 386 

Time-lapse monitoring has also been used in cattle embryology to compare kinetic parameters such 387 

as rate of development to the blastocyst stage, cleavage timings and durations of cell cycles. 388 

Comparisons were made between embryos that were derived from calf oocytes and from cow 389 

oocytes. Interestingly, embryos derived from older animals demonstrated a lower rate of 390 

developmental arrest prior to the 9-cell stage and development was delayed in embryos derived from 391 

younger animals. As such, the duration of the fourth cell cycle was shorter in cow derived embryos 392 

and despite the observed variation in kinetics, the resulting blastocyst quality showed no significant 393 

difference between the two groups (Majerus et al., 2000).  394 

 395 

Although not as commonplace as the study of cows, a limited number of studies have used time-lapse 396 

technology to study the various stages of embryonic development in pigs. One such study attempted 397 

to determine the morphokinetic parameters for porcine embryos that were fertilised in vivo; embryos 398 

were flushed and collected and in vitro developmental timings and embryo morphology were 399 

assessed. Findings revealed a clear correlation between early cleavage timings and the quality of in 400 

vitro development, but no significant difference in developmental capacity (blastocyst rate) was 401 

observed between embryos cultured in a conventional incubator (64.1%) and a time-lapse culture 402 

system (67.4%) (Mateusen et al., 2005). Time-lapse technology has also been used to attempt to 403 

establish the ideal stage at which in vitro cultured, parthenogenetically activated (PA), porcine 404 

embryos should be vitrified. Vitrification was performed using the Cryotop carrier system on days 4, 405 

5 or 6 following activation of oocytes at day 0 and vitrified oocytes were cultured in a time-lapse 406 

incubator for 24 hours immediately after warming. It was observed that both survival rate (hour 8) 407 
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and hatching rate (hour 24) were significantly higher in embryos that were vitrified on day 4, as 408 

opposed to those vitrified at day 5 or 6, irrespective of if they were morulae or blastocysts. Thus, the 409 

researchers were able to conclude that the optimal stage at which PA porcine embryos, both morulae 410 

and blastocysts, should be vitrified is at day 4 (Li et al., 2012). It has also been investigated whether 411 

porcine embryos that cleave first, following fertilization, are more developmentally competent than 412 

those that cleave later; this study involved the use of in vitro matured porcine oocytes to produce IVF, 413 

somatic cell nuclear transfer (SCNT) and PA embryos, that were monitored 24 hours following 414 

activation or insemination. Visual assessment using time-lapse monitoring of these embryos revealed 415 

that early cleaving embryos were of higher developmental competence than those that showed 416 

delayed cleavage (Isom et al., 2011).  417 

 418 

These technologies also are of significance in other species such as companion animals. For example 419 

in 2015 seven live puppies were born from vitrified-thawed embryos transferred into the domestic 420 

dog (Canis familiaris) (Nagashima et al., 2015), achieved by intra-oviductal transfer of 19 IVF derived 421 

cryopreserved embryos. Given that more than 350 heritable traits and disorders in dogs are 422 

homologous with human disorders, the canine species can serve as a good biomedical model in 423 

research.  424 

 425 

With these studies in mind, further research is certainly required to fully characterise the 426 

morphokinetic profile in both agriculturally important species and in companion animals in order to 427 

commercialise time-lapse technology. Indeed, it is important to highlight the lack of such research in 428 

several species including the sheep. Such integration would, in no doubt, be of great benefit to both 429 

industrial and research communities alike.  430 

 431 

Conclusion 432 
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Time-lapse analyses have permitted the morphokinetic characterisation of embryo development in 433 

humans; moreover, the integration of time-lapse embryo monitoring has proven to be extremely 434 

valuable in the standardisation of procedures in human embryology clinics globally. It is important to 435 

note however that the overall influence of time-lapse technology in clinical care has not been fully 436 

established to date (Kovacs, 2014). Time-lapse has shown to be an effective method of culturing and 437 

monitoring embryos with minimal disruption to their culture conditions and has permitted the 438 

selection of embryos with the highest chance of implantation success; furthermore, research indicates 439 

that in the future, time-lapse could potentially replace invasive PGS procedures for the detection of 440 

aneuploid embryos. Whilst this technology is currently not as widely used in other species it certainly 441 

has the potential for commercial application, particularly in agricultural species. The coupling of 442 

automated image analysis and time lapse systems has the potential to reveal hitherto undefined 443 

variation between embryos. Given that many aspects of embryology in agriculturally important 444 

species would benefit from increased ability to rapidly assess, ideally in an automated manner, 445 

embryo quality at a large scale, assessing the suitability of such systems and adapting them for use in 446 

agriculture is a priority. 447 

 448 

Acknowledgements 449 

We thank Canterbury Christ Church University for supporting AM, SH and KF.  450 

 451 

Funding sources 452 

This research did not receive any specific grant from funding agencies in the public, commercial, or 453 

not-for-profit sectors. 454 

 455 

References  456 

Aguilar, J., Motato, Y., Escribá, M.J., Ojeda, M., Muñoz, E., Meseguer, M., 2014. The human first cell 457 



 

 19 

cycle: Impact on implantation. Reprod. Biomed. Online 28, 475–484.  458 

Agung, B., Otoi, T., Wongsrikeao, P., Taniguchi, M., Shimizu, R., Watari, H., Nagai, T., 2006. Effect of 459 

maturation culture period of oocytes on the sex ratio of in vitro fertilized bovine embryos. J. 460 

Reprod. Dev. 52, 123–127.  461 

Alexandratos, N., Bruinsma, J., 2003. World agriculture: towards 2015/2030: an FAO perspective. 462 

Land use policy 20, 375.  463 

Aparicio, B., Cruz, M., Meseguer, M., 2013. Is morphokinetic analysis the answer? Reprod. Biomed. 464 

Online 27, 654–663. 465 

Arav, A., Aroyo, A., Yavin, S., Roth, Z., 2008. Prediction of embryonic developmental competence by 466 

time-lapse observation and “shortest-half” analysis. Reprod. Biomed. Online 17, 669–675.  467 

Azzarello, A., Hoest, T., Mikkelsen, A.L., 2012. The impact of pronuclei morphology and dynamicity 468 

on live birth outcome after time-lapse culture. Hum. Reprod. 27, 2649–2657.  469 

Basile, N., Nogales, M. del C., Bronet, F., Florensa, M., Riqueiros, M., Rodrigo, L., García-Velasco, J., 470 

Meseguer, M., 2014. Increasing the probability of selecting chromosomally normal embryos by 471 

time-lapse morphokinetics analysis. Fertil. Steril. 101, 699–704.  472 

Bedzhov, I., Leung, C.Y., Bialecka, M., Zernicka-Goetz, M., 2014. In vitro culture of mouse blastocysts 473 

beyond the implantation stages. Nat. Protoc. 9, 2732–2739.  474 

Belli, M., Vigone, G., Merico, V., Redi, C.A., Garagna, S., Zuccotti, M., 2014. Time-lapse dynamics of 475 

the mouse oocyte chromatin organisation during meiotic resumption. Biomed Res. Int. 2014, 476 

1–11.  477 

Bisignano, A., Wells, D., Harton, G., Munné, S., 2011. PGD and aneuploidy screening for 24 478 

chromosomes: advantages and disadvantages of competing platforms. Reprod. Biomed. Online 479 

23, 677–685. 480 

Borini, A., Lagalla, C., Cattoli, M., Sereni, E., Sciajno, R., Flamigni, C., Coticchio, G., 2005. Predictive 481 

factors for embryo implantation potential. Reprod. Biomed. Online 10, 653–668. 482 

Campagna, C., Sirard, M. a, Ayotte, P., Bailey, J.L., 2001. Impaired maturation, fertilization, and 483 



 

 20 

embryonic development of porcine oocytes following exposure to an environmentally relevant 484 

organochlorine mixture. Biol. Reprod. 65, 554–560. 485 

Campbell, A., Fishel, S., Bowman, N., Duffy, S., Sedler, M., Hickman, C.F.L., 2013a. Modelling a risk 486 

classification of aneuploidy in human embryos using non-invasive morphokinetics. Reprod. 487 

Biomed. Online 26, 477–485. 488 

Campbell, A., Fishel, S., Bowman, N., Duffy, S., Sedler, M., Thornton, S., 2013b. Retrospective 489 

analysis of outcomes after IVF using an aneuploidy risk model derived from time-lapse imaging 490 

without PGS. Reprod. Biomed. Online 27, 140–146. 491 

Chamayou, S., Patrizio, P., Storaci, G., Tomaselli, V., Alecci, C., Ragolia, C., Crescenzo, C., Guglielmino, 492 

A., 2013. The use of morphokinetic parameters to select all embryos with full capacity to 493 

implant. J. Assist. Reprod. Genet. 30, 703–710. 494 

Chawla, M., Fakih, M., Shunnar, A., Bayram, A., Hellani, A., Perumal, V., Divakaran, J., Budak, E., 495 

2014. Morphokinetic analysis of cleavage stage embryos and its relationship to aneuploidy in a 496 

retrospective time-lapse imaging study. J. Assist. Reprod. Genet. 32, 69–75.  497 

Chung, K., Kim, Y., Kanodia, J.S., Gong, E., Shvartsman, S.Y., Lu, H., 2011. A microfluidic array for 498 

large-scale ordering and orientation of embryos. Nat Meth 8, 171–176. 499 

Cooper, M., D’Amico, L., 1996. A cluster of noninvoluting endocytic cells at the margin of the 500 

zebrafish blastoderm marks the site of embryonic shield formation. Dev. Biol. 180, 184–198. 501 

Cornaglia, M., Mouchiroud, L., Marette, A., Narasimhan, S., Lehnert, T., Jovaisaite, V., Auwerx, J., 502 

Gijs, M.A.M., 2015. An automated microfluidic platform for C. elegans embryo arraying, 503 

phenotyping, and long-term live imaging. Sci. Rep. 5, 1–13. 504 

Cruz, M., Garrido, N., Herrero, J., Pérez-Cano, I., Muñoz, M., Meseguer, M., 2012. Timing of cell 505 

division in human cleavage-stage embryos is linked with blastocyst formation and quality. 506 

Reprod. Biomed. Online 25, 371–381. 507 

Dal Canto, M., Coticchio, G., Mignini Renzini, M., De Ponti, E., Novara, P.V., Brambillasca, F., Comi, R., 508 

Fadini, R., 2012. Cleavage kinetics analysis of human embryos predicts development to 509 



 

 21 

blastocyst and implantation. Reprod. Biomed. Online 25, 474–480. 510 

Daughtry, B.L., Chavez, S.L., 2016. Chromosomal instability in mammalian pre-implantation embryos: 511 

potential causes, detection methods, and clinical consequences. Cell Tissue Res. 363, 201–225.  512 

Deglincerti, A., Croft, G.F., Pietila, L.N., Zernicka-Goetz, M., Siggia, E.D., Brivanlou, A.H., 2016. Self-513 

organization of the in vitro attached human embryo. Nature 1–13.  514 

Ferraretti, A.P., Goossens, V., Kupka, M., Bhattacharya, S., De Mouzon, J., Castilla, J.A., Erb, K., 515 

Korsak, V., Nyboe Andersen, A., Strohmer, H., Bogaerts, K., Kyurkchiev, S., Vrcic, H., Pelekanos, 516 

M., Rezabek, K., Erb, K., Gissler, M., Royere, D., B??hler, K., Tarlatzis, B.C., Kosztolanyi, G., 517 

Bjorgvinsson, H., Mocanu, E., Scaravelli, G., Lokshin, V., Arajs, M., Gudleviciene, Z., Lazarevski, 518 

S., Moshin, V., Simic, T.M., Hazekamp, J.T., Kurzawa, R., Calhaz-Jorge, C., Rugescu, I., Korsak, V., 519 

Radunovic, N., Tomazevic, T., Hernandez, J.H., Karlstr??m, P.O., Weder, M., Lambalk, C., 520 

Veselovsky, V., Baranowski, R., 2013. Assisted reproductive technology in Europe, 2009: Results 521 

generated from European registers by ESHRE. Hum. Reprod. 28, 2318–2331.  522 

Frigault, M.M., Lacoste, J., Swift, J.L., Brown, C.M., 2009. Live-cell microscopy - tips and tools. J. Cell 523 

Sci. 122, 753–767.  524 

Gardner, D.K., Meseguer, M., Rubio, C., Treff, N.R., 2015. Diagnosis of human preimplantation 525 

embryo viability. Hum. Reprod. Update 21, 727–747.  526 

Gonzales, D.S., Pinheiro, J.C., Bavister, B.D., 1995. Prediction of the developmental potential of 527 

hamster embryos in vitro by precise timing of the third cell cycle. J. Reprod. Fertil. 105, 1–8.  528 

Grisart, B., Massip, A., Dessy, F., 1994. Cinematographic analysis of bovine embryo development in 529 

serum-free oviduct-conditioned medium. J. Reprod. Fertil. 101, 257–64. 530 

Harper, J., Coonen, E., De Rycke, M., Fiorentino, F., Geraedts, J., Goossens, V., Harton, G., Moutou, 531 

C., Pehlivan Budak, T., Renwick, P., Sengupta, S., Traeger-Synodinos, J., Vesela, K., 2010. What 532 

next for preimplantation genetic screening (PGS)? A position statement from the ESHRE PGD 533 

Consortium steering committee. Hum. Reprod. 25, 821–823. 534 

Hashimoto, S., Kato, N., Saeki, K., Morimoto, Y., 2012. Selection of high-potential embryos by culture 535 



 

 22 

in poly(dimethylsiloxane) microwells and time-lapse imaging. Fertil. Steril. 97, 332–337.  536 

Hasler, J.F., 2014. Forty years of embryo transfer in cattle: A review focusing on the journal 537 

Theriogenology, the growth of the industry in North America, and personal reminisces. 538 

Theriogenology 81, 152–169.  539 

Hassold, T., Hunt, P., 2001. To err (meiotically) is human: the genesis of human aneuploidy. Nat Rev 540 

Genet 2, 280–291. 541 

Hellani, A., Abu-Amero, K., Azouri, J., El-Akoum, S., 2008. Successful pregnancies after application of 542 

array-comparative genomic hybridization in PGS-aneuploidy screening. Reprod. Biomed. Online 543 

17, 841–847. 544 

Hiiragi, T., Solter, D., 2004. First cleavage plane of the mouse egg is not predetermined but defined 545 

by the topology of the two apposing pronuclei. Nature 430, 360–364. 546 

Holm, P., Booth, P.J., Callesen, H., 2002. Kinetics of early in vitro development of bovine in vivo- and 547 

in vitro-derived zygotes produced and/or cultured in chemically defined or serum-containing 548 

media. Reproduction 123, 553–565.  549 

Holm, P., Shukri, N.N., Vajta, G., Booth, P., Bendixen, C., Callesen, H., 2016. Developmental kinetics 550 

of the first cell cycles of bovine in vitro produced embryos in relation to their in vitro viability 551 

and sex. Theriogenology 50, 1285–1299.  552 

Hook, E.B., 1985. Aneuploidy: Etiology and Mechanisms, in: Dellarco, V.L., Voytek, P.E., Hollaender, 553 

A., Brinkley, B.R., Hook, E.B., Moses, M.J., Serres, F.J., Hsu, T.C., Russell, L.B., Tice, R.R., Waters, 554 

M.D. (Eds.), . Springer US, Boston, MA, pp. 7–33.  555 

Isom, S., Li, R., Whitworth, K., Prather, R., 2011. Timing of first embryonic cleavage is a positive 556 

indicator of the in vitro developmental potential of porcine embryos derived from in vitro 557 

fertilization, somatic cell nuclear transfer and parthenogenesis. Mol. Reprod. Dev. 79, 197–207. 558 

Jansen, R.P.S., Bowman, M.C., De Boer, K.A., Leigh, D.A., Lieberman, D.B., McArthur, S.J., 2008. What 559 

next for preimplantation genetic screening (PGS)? Experience with blastocyst biopsy and 560 

testing for aneuploidy. Hum. Reprod. 23, 1476–1478.  561 



 

 23 

Joergensen, M.W., Agerholm, I., Hindkjaer, J., Bolund, L., Sunde, L., Ingerslev, H.J., Kirkegaard, K., 562 

2014. Altered cleavage patterns in human tripronuclear embryos and their association to 563 

fertilization method: A time-lapse study. J. Assist. Reprod. Genet. 31, 435–442.  564 

Kirkegaard, K., Agerholm, I.E., Ingerslev, H.J., 2012. Time-lapse monitoring as a tool for clinical 565 

embryo assessment. Hum. Reprod. 27, 1277–1285. 566 

Kirkegaard, K., Kesmodel, U.S., Hindkjær, J.J., Ingerslev, H.J., 2013. Time-lapse parameters as 567 

predictors of blastocyst development and pregnancy outcome in embryos from good prognosis 568 

patients: A prospective cohort study. Hum. Reprod. 28, 2643–2651. 569 

Kovacs, P., 2014. Embryo selection: the role of time-lapse monitoring. Reprod. Biol. Endocrinol. 12, 570 

124.  571 

Kovacs, P., 2012. Multiple Pregnancies After ART and How to Minimize their Occurrence 289–296. 572 

Kramer, Y.G., Kofinas, J.D., Melzer, K., Noyes, N., McCaffrey, C., Buldo-Licciardi, J., McCulloh, D.H., 573 

Grifo, J.A., 2014. Assessing morphokinetic parameters via time lapse microscopy (TLM) to 574 

predict euploidy: are aneuploidy risk classification models universal? J. Assist. Reprod. Genet. 575 

31, 1231–1242.  576 

Leary, C., Leese, H.J., Sturmey, R.G., 2015. Human embryos from overweight and obese women 577 

display phenotypic and metabolic abnormalities. Hum. Reprod. 30, 122–132.  578 

Lee, M.J., Lee, R.K.K., Lin, M.H., Hwu, Y.M., 2012. Cleavage speed and implantation potential of 579 

early-cleavage embryos in IVF or ICSI cycles. J. Assist. Reprod. Genet. 29, 745–750.  580 

Lee, Y.S.L., Thouas, G.A., Gardner, D.K., 2015. Developmental kinetics of cleavage stage mouse 581 

embryos are related to their subsequent carbohydrate and amino acid utilization at the 582 

blastocyst stage. Hum. Reprod. 30, 543–552.  583 

Lemmen, J., Agerholm, I., Ziebe, S., 2008. Kinetic markers of human embryo quality using time-lapse 584 

recordings of IVF/ICSI-fertilized oocytes. Reprod. Biomed. Online 17, 385–391.  585 

Levario, T.J., Zhan, M., Lim, B., Shvartsman, S.Y., Lu, H., 2013. Microfluidic trap array for massively 586 

parallel imaging of Drosophila embryos. Nat. Protoc. 8, 721–736. 587 



 

 24 

Li, L., Zhang, X., Zhao, L., Xia, X., Wang, W., 2012. Comparison of DNA apoptosis in mouse and human 588 

blastocysts after vitrification and slow freezing. Mol. Reprod. Dev. 79, 229–236. 589 

Liu, Y., Chapple, V., Roberts, P., Matson, P., 2014. Prevalence, consequence, and significance of 590 

reverse cleavage by human embryos viewed with the use of the Embryoscope time-lapse video 591 

system. Fertil. Steril. 102, 1295–1300.  592 

Machtinger, R., Racowsky, C., 2013. Morphological systems of human embryo assessment and 593 

clinical evidence. Reprod. Biomed. Online 26, 210–221.  594 

Majerus, V., Lequarré, A., Ferguson, E., Kaidi, S., Massip, A., Dessy, F., Donnay, I., 2000. 595 

Characterization of embryos derived from calf oocytes: kinetics of cleavage, cell allocation to 596 

inner cell mass, and trophectoderm and lipid metabolism. Mol. Reprod. Dev. 57, 346–52. 597 

Massip, A., Mulnard, J., 1980. Time-lapse cinematographic analysis of hatching of normal and frozen-598 

thawed cow blastocysts. J. Reprod. Fertil. 58, 475–478. 599 

Massip,  a, Mulnard, J., Vanderzwalmen, P., Hanzen, C., Ectors, F., 1982. The behaviour of cow 600 

blastocyst in vitro: cinematographic and morphometric analysis. J. Anat. 134, 399–405. 601 

Mateusen, B., Van Soom, A., Maes, D.G.D., Donnay, I., Duchateau, L., Lequarre, A.S., 2005. Porcine 602 

embryo development and fragmentation and their relation to apoptopic markers: A 603 

cinematographic and confocal laser scanning microscopic study. Reproduction 129, 443–452.  604 

Meseguer, M., Herrero, J., Tejera, A., Hilligsøe, K.M., Ramsing, N.B., Remoh, J., 2011. The use of 605 

morphokinetics as a predictor of embryo implantation. Hum. Reprod. 26, 2658–2671.  606 

Moore, K., Thatcher, W.W., 2006. Major Advances Associated with Reproduction in Dairy Cattle. J. 607 

Dairy Sci. 89, 1254–1266.  608 

Motosugi, N., Bauer, T., Polanski, Z., Solter, D., Hiiragi, T., 2005. Polarity of the mouse embryo is 609 

established at blastocyst and is not prepatterned. Genes Dev. 19, 1081–1092.  610 

Mukaida, T., Wada, S., Takahashi, K., Pedro, P.B., An, T.Z., Kasai, M., 1998. Vitrification of human 611 

embryos based on the assessment of suitable conditions for 8-cell mouse embryos. Hum. 612 

Reprod. 13, 2874–2879. 613 



 

 25 

Nagashima, J.B., Sylvester, S.R., Nelson, J.L., Cheong, S.H., Mukai, C., Lambo, C., Flanders, J.A., 614 

Meyers-Wallen, V.N., Songsasen, N., Travis, A.J., 2015. Live births from domestic dog (Canis 615 

familiaris) embryos produced by in vitro fertilization. PLoS One 10, 1–13.  616 

Nicholas, F.W., Smith, C., 1983. Increased rates of genetic change in dairy cattle by embryo transfer 617 

and splitting. Anim. Sci. 36, 341–353. 618 

Ottosen, L.D.M., Hindkjær, J., Ingerslev, J., 2007. Light exposure of the ovum and preimplantation 619 

embryo during ART procedures. J. Assist. Reprod. Genet. 24, 99–103.  620 

Payne, D., Flaherty, S.P., Barry, M.F., Matthews, C.D., 1997. Preliminary observations on polar body 621 

extrusion and pronuclear formation in human oocytes using time-lapse video cinematography. 622 

Hum. Reprod. 12, 532–541.  623 

Peippo, J., Kurkilahti, M., Bredbacka, P., 2001. Developmental kinetics of in vitro produced bovine 624 

embryos: the effect of sex, glucose and exposure to time-lapse environment. Zygote 9, 5–13. 625 

Polge, C., Willadsen, S.M., 1978. Freezing eggs and embryos of farm animals. Cryobiology 15, 370–626 

373. 627 

Practice, T., Medicine, R., Technology, R., 2013. Criteria for number of embryos to transfer: A 628 

committee opinion. Fertil. Steril. 99, 44–46.  629 

Prados, F.J., Debrock, S., Lemmen, J.G., Agerholm, I., 2012. The cleavage stage embryo. Hum. 630 

Reprod. 27, i50–i71.  631 

Pribenszky, C., Losonczi, E., Molnar, M., Lang, Z., Matyas, S., Rajczy, K., Molnar, K., Kovacs, P., Nagy, 632 

P., Conceicao, J., Vajta, G., 2010. Prediction of in-vitro developmental competence of early 633 

cleavage-stage mouse embryos with compact time-lapse equipment. Reprod. Biomed. Online 634 

20, 371–379.  635 

Racowsky, C., Kovacs, P., Martins, W.P., 2015. A critical appraisal of time-lapse imaging for embryo 636 

selection: where are we and where do we need to go? J. Assist. Reprod. Genet. 1025–1030.  637 

Rajagopalan, H., Lengauer, C., 2004. Aneuploidy and cancer. Nature 432, 338–341. 638 

Ramsing, N.B., Berntsen, J., Callesen, H., 2007. Automated detection of cell division and movement 639 



 

 26 

in time-lapse images of developing bovine embryos can improve selection of viable embryos. 640 

Fertil. Steril. 88, S38. 641 

Rick, G., Hadeler, K.G., Lemme, E., Lucas-Hahn, A., Rath, D., Schindler, L., Niemann, H., 1996. Long-642 

term ultrasound guided ovum pick-up in heifers from 6 to 15 months of age. Theriogenology 1, 643 

356. 644 

Rubio, I., Kuhlmann, R., Agerholm, I., Kirk, J., Herrero, J., Escribá, M.J., Bellver, J., Meseguer, M., 645 

2012. Limited implantation success of direct-cleaved human zygotes: A time-lapse study. Fertil. 646 

Steril. 98, 1458–1463.  647 

Salumets,  a, Hydén-Granskog, C., Suikkari,  a M., Tiitinen,  a, Tuuri, T., 2001. The predictive value of 648 

pronuclear morphology of zygotes in the assessment of human embryo quality. Hum. Reprod. 649 

16, 2177–2181. 650 

Sermon, K., Van Steirteghem, A., Liebaers, I., 2004. Preimplantation genetic diagnosis. Lancet 651 

(London, England) 363, 1633–41.  652 

Shahbazi, M.N., Jedrusik, A., Vuoristo, S., Recher, G., Hupalowska, A., Bolton, V., Fogarty, N.M.E., 653 

Campbell, A., Devito, L.G., Ilic, D., Khalaf, Y., Niakan, K.K., Fishel, S., Zernicka-Goetz, M., 2016. 654 

Self-organization of the human embryo in the absence of maternal tissues. Nat. Cell Biol.  655 

Somfai, T., Inaba, Y., Aikawa, Y., Ohtake, M., Kobayashi, S., Konishi, K., Imai, K., 2010. Relationship 656 

between the length of cell cycles, cleavage pattern and developmental competence in bovine 657 

embryos generated by in vitro fertilization or parthenogenesis. J Reprod Dev 56, 200–207.  658 

Takenaka, M., Horiuchi, T., Yanagimachi, R., 2007. Effects of light on development of mammalian 659 

zygotes. Proc. Natl. Acad. Sci. U. S. A. 104, 14289–14293.  660 

Tesarik, J., Greco, E., 1999. The probability of abnormal preimplantation development can be 661 

predicted by a single static observation on pronuclear stage morphology. Hum. Reprod. 14, 662 

1318–1323. 663 

Tesarik, J., Junca,  a M., Hazout,  a, Aubriot, F.X., Nathan, C., Cohen-Bacrie, P., Dumont-Hassan, M., 664 

2000. Embryos with high implantation potential after intracytoplasmic sperm injection can be 665 



 

 27 

recognized by a simple, non-invasive examination of pronuclear morphology. Hum. Reprod. 15, 666 

1396–1399.  667 

Thomasen, J.R., Willam, A., Egger-Danner, C., Sørensen, A.C., 2015. Reproductive technologies 668 

combine well with genomic selection in dairy breeding programs. J. Dairy Sci. 1–10.  669 

Togashi, K., Kumagai, J., Sato, E., Shirasawa, H., Shimoda, Y., Makino, K., Sato, W., Kumazawa, Y., 670 

Omori, Y., Terada, Y., 2015. Dysfunction in gap junction intercellular communication induces 671 

aberrant behavior of the inner cell mass and frequent collapses of expanded blastocysts in 672 

mouse embryos. J. Assist. Reprod. Genet. 32, 969–976. 673 

Ugajin, T., Terada, Y., Hasegawa, H., Velayo, C.L., Nabeshima, H., Yaegashi, N., 2010. Aberrant 674 

behavior of mouse embryo development after blastomere biopsy as observed through time-675 

lapse cinematography. Fertil. Steril. 93, 2723–2728.  676 

Vajta, G., 2000. Vitrification of the oocytes and embryos of domestic animals. Anim. Reprod. Sci. 60–677 

61, 357–364.  678 

Vera-Rodriguez, M., Chavez, S.L., Rubio, C., Pera, R. a. R., Simon, C., 2015. Prediction model for 679 

aneuploidy in early human embryo development revealed by single-cell analysis. Nat. 680 

Commun. 6, 7601.  681 

Wale, P.L., Gardner, D.K., 2010. Time-lapse analysis of mouse embryo development in oxygen 682 

gradients. Reprod. Biomed. Online 21, 402–410.  683 

Wells, D., Delhanty, J.D., 2000. Comprehensive chromosomal analysis of human preimplantation 684 

embryos using whole genome amplification and single cell comparative genomic hybridization. 685 

Mol. Hum. Reprod. 6, 1055–1062.  686 

Wong, C., Chen, A.A., Behr, B., Shen, S., 2013. Time-lapse microscopy and image analysis in basic and 687 

clinical embryo development research. Reprod. Biomed. Online 26, 120–129.  688 

Yadav, B.R., King, W.A., Betteridge, K.J., 1993. Relationships between the completion of first 689 

cleavage and the chromosomal complement, sex, and developmental rates of bovine embryos 690 

generated in vitro. Mol. Reprod. Dev. 36, 434–439.  691 



 

 28 

Yamazaki, T., Yamagata, K., Baba, T., 2007. Time-lapse and retrospective analysis of DNA methylation 692 

in mouse preimplantation embryos by live cell imaging. Dev. Biol. 304, 409–419.  693 

Yanik, M.F., Rohde, C.B., Pardo-Martin, C., 2011. Technologies for Micromanipulating, Imaging, and 694 

Phenotyping Small Invertebrates and Vertebrates. Annu. Rev. Biomed. Eng. 13, 185–217.  695 

 696 


