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Abstract 
 

Best embryo selection for in vitro fertilization (IVF) is essential for successful 

implantation and forthcoming pregnancy. One of the major problems in the IVF 

techniques of assisted reproduction lies on the subjective microscopic selection of healthy 

embryos to be transferred in the uterus for successful implantation resulting in poor IVF 

outcome and thus forcing couples to multiple trials. Many studies have attempted to 

correlate embryo morphology to quality by combining several morphological parameters 

like oocyte pro-nucleus shape, cleavage stage, embryonic fragmentation and blastomere 

uniformity. Other techniques have implemented the use of decision trees, construction of 

predictive statistical models and algorithms or even the use of Bayesian classifiers. 

However, the development of novel, non intrusive biotechnology assays correlating 

imaging to functionality is required. Non linear (Two Photon Excitation Fluorescence 

(TREF), Second and Third Harmonic Generation (SHG) and (THG)) imaging techniques 

have been so far used as diagnostic tools for the in vivo delineation and mapping of sub-

cellular biological structures and processes. THG microscopy is a novel non-destructive 

imaging technique which requires minimal sample preparation and no staining and could 
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be successfully used for embryo selection and monitoring during the in vitro fertilization 

process. The use of THG microscopy has been providing valuable and complementary 

information as to the energetic status of oocytes and pre-implantation embryos, time 

evolution of different developmental stages and blastomere equivalence. Additionally, 

quantification of the THG signal could allow the delivery of a numerical value to each 

oocyte or embryo reflecting the lipid body content and consequently, their energetic state. 

Extrapolating THG microscopy to sperm imaging, it has been possible to detect the 

energetic profile in sperm, a characteristic which could be used as an additional marker 

for sperm quality. Upon discussion of the so far described methods for the assessment of 

pre-implantation embryo health, the present review will present the benefits and features 

of THG imaging in the context of pre-implantation embryo selection for intra-uterine 

transfer, blastomere selection for excision and preimplantation genetic diagnosis, oocyte 

polarization for intra-cytoplasmic sperm injection as well as sperm quality. Such a 

methodology could provide IVF centers novel diagnostic tools to increase success rates 

and alleviate the economic, social and psychological status of suffering couples. 

 

 

Introduction 
 

One of the major problems in the in vitro fertilization (IVF) techniques of assisted 

reproduction lies on the subjective microscopic selection of healthy embryos to be transferred 

in the uterus. The profound lack of correlation between microscopic appearance and the 

competence of an embryo, results in poor IVF outcome, forcing the couples to multiple trials 

and rendering IVF a socially painful procedure.  

Many studies have attempted to correlate embryo morphology to quality by combining 

several morphological parameters, implementing the use of decision trees, construction of 

predictive statistical models and algorithms or even the use of Bayesian classifiers. 

Although pre-implantation diagnosis using fluorescence in situ hybridization (FISH) or 

polymerase chain reaction (PCR) techniques can identify abnormal phenotype, chromosomes 

or specific genetic disorders, they cannot provide any information as to the ability of a 

specific embryo to implant and proceed to pregnancy.  

Lack of a successful embryo selection method frequently leads to multiple embryo 

transfers to the maternal uterus which, although increasing pregnancy rates by enhancing the 

probabilities of embryo implantation, very often leads to risky multiple pregnancies. Multiple 

birth infants have been considered to account for a number of adverse outcomes including 

preterm delivery, low birth weight, congenital malformations, fetal and infant deaths, long 

term morbidity and disability among survivors and serious social, psychological and 

economical problems (Hazekamp et al., 2000; Ozturk et al., 2001). Furthermore, procedures 

leading to intrauterine reduction of the embryo number are considered high risk not only for 

the whole pregnancy outcome but for the mother as well. Therefore, the only confident way 

to achieve singleton pregnancies is to successfully select embryos with high implantation 

potential and pursue single embryo transfers. Embryo selection can be performed from the 

zygote to the blastocyst stage. Culturing the embryos for an extensive period of time could 

allow selection of healthier embryos, however the longer the culture lasts, the fewer embryos 

survive for transfer. Therefore, the development and use of novel biotechnology assays 

correlating imaging to functionality are required to improve pre-implantation embryo 
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selection in an earlier stage. To this extend, the use of non-linear microscopy in embryo 

health evaluation is extensively discussed. 

 

 

Pre-Implantation Embryo Biology 
 

Fertilization is probably the most significant step in embryo development and successful 

pregnancy outcome. Ovulation in most mammals, including humans and mice, is naturally 

regulated mostly by gonadotropins in a perfect equilibrium coinciding with estrus.  

After oocyte maturation and ovulation, fertilization can occur. Spermatozoa are 

capacitated during their travel through the cervix to the oviducts where they meet the mature 

oocyte for fertilization.  

The newly formed zygote (Figure 1.A) contains both the female and male pronuclei, 

which will slowly migrate to the center while replicating their DNA. Approximately 24 h 

after fertilization the first cleavage occurs forming the 2-cell embryo (Figure 1.B).  

The second and third cleavages follow by a 12 h period forming the 4-cell and 8-cell 

embryo (Figure 1.C-D). Up to this point, blastomeres are quite distinct from each other, but 

soon compaction will take place compressing the blastomeres and reinforcing intercellular 

connections. After compaction and until the stage of 32 cells, the embryo is called morula 

(Figure 1.E). At this point, 3 days after fertilization, blastocoel will start forming in the 

embryo’s interior, while cell division continues resulting to the blastocyst stage (Figure 1.F).  

Blastocyst is composed of the trophectoderm, an outer layer of cells which provide 

nutrients to the embryo and later develop into a large part of the placenta, and the Inner Cell 

Mass (ICM), a mass of cells inside the primordial embryo that will eventually give rise to the 

fetus. 

 

 

Figure 1. Pre-implantation stages of BALB/c embryos, A. zygote, B. 2-cell embryo, C. 4-cell embryo, 

D. 8-cell embryo, E. morula, F. blastocyst. 
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The trophectoderm surrounds the ICM and the fluid-filled cavity, known as blastocoel or 

blastocystic cavity. Blastocyst will hatch from the zona pellucida and travel to the uterus, 

where embryo implantation occurs. 

 

 

Morphological Features during Early Embryo Development 
 

Electron microscopy analysis of ultrathin sections of pre-implantation embryo stages has 

revealed qualitative and quantitative morphologic characteristics. During cleavage, significant 

changes are being detected in the granular and agranular endoplasmic reticulum, secondary 

lysosomes, multivesicular bodies, lamellar structures, lipid droplets and mitochondria (Cech 

and Sedlácková, 1983; Dvorák et al., 1977). Agranular endoplasmic reticulum dominates in 

the 1- to 8-cell embryos, while granular endoplasmic reticulum appears during the 8-cell stage 

embryo and its volumetric density increases in the early and late blastocyst stage. Autophagic 

vacuoles can be detected after the 4-cell stage. Multivesicular bodies decrease while 

secondary lysosomes increase as development proceeds from 1- to 8-cell stage embryos. 

Mitochondria and lipid bodies maintain a relatively constant density during the early stages of 

development, while increasing in the blastocyst stage.  

Lipid bodies (LBs), also known as lipid droplets (LDs), are, among other things, the lipid 

storage organelles of all organisms (Murphy, 2001). Long perceived only as inert fat particles, 

LBs had been largely ignored in the past. However, more recently, they have been recognized 

as dynamic organelles with properties far more complex than simple energy cellars. LBs are 

not only engaged in functions directly related to intracellular lipid homeostasis, but might also 

be involved in seemingly unrelated activities, including signaling, temporal protein storage, 

protein degradation and so forth (Fujimoto and Ohsaki, 2006; Martin and Parton, 2006; 

Murphy, 2001; Welte, 2007). LBs have also been associated with oocyte maturation and early 

stage embryo development while, more results come to light connecting LBs with cell 

activation and immune responses (Bougnères et al., 2009). 

 

 

Assisted Reproduction Techniques (ART) 
 

The selection of healthy IVF embryos has been a major problem since the first 

application of this technique in 1978. Embryos are routinely transferred to the maternal uterus 

on day 2 or 3 (cleavage stage) to 5 or 6 (blastocyst stage) of development. A lot of discussion 

has been raised as to the best timing for transferring embryos to the uterus (Laverge et al., 

2001). The policy of transferring embryos at the 2-cell or 4-cell stage (2 or 3 days post IVF) 

was initially adopted because the uterus was considered to provide the best environmental 

conditions for embryo development. Yet, in vivo, day 2-3 embryos normally should transit the 

oviduct only and their direct exposure to an intrauterine microenvironment would be 

physiologically stressful. Moreover, the nutritional milieu inside the fallopian tube is not the 

same as within the endometrial compartment, a feature possibly antagonistic to implantation 

when a day 2-3 embryo is placed directly within the uterus. Delaying embryo transfer to day 

5-6 overcomes this mismatch and moreover, allows selection of the most vital embryos for 

transfer (Sills and Palermo, 2010). However, the so far available in vitro culturing conditions 

arrest development of some potentially implantable embryos, disallowing progression to the 
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blastocyst stage. Several studies comparing embryo transfer timing have been performed but 

the conclusions seem to be conflicting (Glujovsky et al., 2012). 

Apart from the most widespread transcervical intrauterine transfer, more invasive 

procedures can be performed. Surgical embryo transfer includes gamete intra-fallopian 

transfer (GIFT), zygote intra-fallopian transfer (ZIFT), pronuclear stage transfer and embryo 

intra-fallopian transfer (EIFT). In GIFT ovum and sperm are placed via a catheter directly 

into the woman’s fallopian tubes, allowing fertilization to occur inside the woman’s body, 

while ZIFT is an ART procedure similar to IVF and embryo transfer with the difference being 

that the fertilized embryo is transferred into the fallopian tube instead of the uterus. However, 

these techniques are not preferred today since they are more complex, invasive and 

demanding (Pasqualini and Quintans, 2002). 

In addition to embryo transfer which affects the implantation rates, the actual fertilization 

of the oocyte in another major issue. Intra-cytoplasmic sperm injection (ICSI) is a common 

technique where the oocytes are fertilized by direct injection of a single sperm into each 

oocyte. This process is mostly applied in cases of weak sperm as well as in cases of gamete 

cryopreservation procedures where zona pellucida significant hardening after thawing does 

not allow natural sperm penetration. Although ICSI has been successfully applied for the last 

20 years, sperm selection advances have been made in order to minimize the theoretical 

hazards of this procedure and avoid oocyte fertilization by nuclear defective spermatozoa. 

Motility and maturation markers such as hyaluronic acid or other zona pellucida receptors can 

be employed to select ICSI sperm and prevent fertilization by DNA-damaged and 

chromosomal-unbalanced spermatozoa. Additionally, novel non-invasive imaging techniques 

can be exploited for morphological selection of ICSI spermatozoa (Ebner et al., 2012).  

The exposure of oocytes and embryos to the artificial conditions of in vitro culture may 

have negative effects on the embryo’s ability to undergo normal hatching, resulting in low 

implantation rates. Artificial disruption of the zona pellucida, known as assisted hatching 

(AH), is a technique which could evidently be beneficial in certain circumstances such as in 

patients with two or more failed IVF cycles, in cases of poor embryo quality and in women 

with more than 38 years of age. A variety of techniques have been employed to assist embryo 

hatching including, partial mechanical zona dissection, zona drilling and zona thinning, using 

acidic tyrodes, proteinases, piezon vibrator manipulators and lasers. These techniques are 

nevertheless invasive and the risks following assisted hatching include lethal damage to the 

embryo as well as damage of individual blastomeres resulting in reduced embryo viability. 

Artificial manipulation of zona pellucida has also been linked with an increased risk of 

monozygotic twinning. Therefore, AH is not a procedure which should be used universally 

and unconditionally, but only if the use of this procedure is supposed to increase the 

possibility of a positive pregnancy outcome in patients with poor prognosis (Hammadeh et 

al., 2011). 

 

 

Genetic Evaluation of Embryo Health 
 

Pre-implantation genetic diagnosis (PGD) is a highly specialized examination involving 

the removal of part of the embryo for genetic analysis. This examination takes place 3 to 5 

days after IVF and usually involves the removal of a single cell from a cleavage stage 

embryo; alternatively a polar body or few cells from the trophectoderm of the blastocyst are 
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removed and afterwards only unaffected embryos are transferred to the maternal uterus. Only 

embryos for which the analyzed blastomere is tested normal are transferred. PGD offers good 

prospects to couples at risk for conventional pre-implantation diagnosis and is possible for 

any monogenic condition where the pathogenic DNA variant has been identified but it is not 

available for multifactoral conditions (Read and Donnai, 2012). Nonetheless, PDG is an 

expensive and invasive procedure which requires exceptional level of skill and laboratory 

experience. Furthermore, recent trials show that PGD could actually decrease ongoing 

pregnancy rates compared with standard IVF with morphological selection of embryos 

(Mastenbroek et al., 2008). 

This targeted diagnosis of a specific genetic defect should not be confused with pre-

implantation genetic screening (PGS) where the aim is to select best embryos for implantation 

in the absence of any known specific genetic risk. PGS was meant to identify aneuploid 

embryos prior to embryo transfer, thereby increasing pregnancy chances and reducing 

miscarriage rates. PGS is mostly recommended to women over 40 years of age in order to 

eliminate genetically unfitting embryos leaving only those embryos that are more likely to 

create a healthy fetus and thus decreasing the odds of miscarriage. However, in many cases 

PGS has been shown to actually reduce pregnancy chances and not improve clinical IVF 

outcomes.  

Furthermore, as the results of PGS rely on the assessment of inherent limitations in a 

single cell, this may not be representative of the remaining embryo because of mosaicism. 

In PGD and PGS, FISH and single cell PCR are routinely utilized in order to identify 

abnormal phenotype and assess embryo ploidy. The type and number of probes is most of the 

times a laboratory decision. For example, in sex determination procedures, the probes for X 

and Y chromosomes can be added along with probes for autosomes which are usually used to 

check for aneuploidies, particularly those that could give rise to a viable pregnancy, such as 

trisomy 21 (Scriven, Kirby, and Ogilvie, 2011). However, FISH permits analysis of limited 

chromosome numbers, which in most published studies varies from seven to nine. Recently, 

complete chromosome complement analysis by comparative genomic hybridization (CGH) 

demonstrated that FISH fails to detect even more chromosomal abnormalities than initially 

suspected (Gleicher and Barad, 2012). The main problem with these types of genetic 

diagnosis remains the elevated mosaicism rate observed at the human pre-implantation stage 

and the main question is whether the isolated cells are actually representative of the remaining 

embryo and whether viable embryos are not being discarded. 

Additionally, in PGD and PGS, which are the most common cases of single cell removal 

from a cleavage stage embryo, there is no objective selection criteria as to which blastomere 

will be extracted and used in the examination. 

Although pre-implantation diagnosis using fluorescence in situ hybridization, 

comparative genomic hybridization or polymerase chain reaction techniques can identify 

abnormal phenotype, chromosomes or specific genetic disorders they cannot provide any 

information as to the ability of a specific embryo to implant and proceed to pregnancy. A 

genetically healthy embryo does not necessarily constitute an implantable embryo able to 

provide a successful pregnancy.  

Therefore, the development of a technique correlating imaging to functionality and 

embryo health evaluation is required in order to improve pre-implantation embryo selection. 
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Morphologic and Metabolic Evaluation of Embryo Health 
 

Many studies have attempted to correlate embryo morphology to quality by combining 

several morphological parameters like cleavage stage and speed, embryonic fragmentation 

and blastomere uniformity (Erenus et al., 1991; Giorgetti et al., 1995; Shulman et al., 1993). 

Variations in zona pellucida thickness, embryo symmetry and the presence of multinucleated 

blastomeres have also been shown to affect implantation rates (Van Royen et al., 1999; Ziebe 

et al., 1997). The morphology of pronuclear oocyte has been linked to implantation and 

development up to the blastocyst stage where zygotes are evaluated based on pronuclear 

alignment, size, number, equality and distribution of nucleoli, cytoplasmic heterogeneity and 

presence or absence of cytoplasmic halos (Depa-Martynow et al., 2007; Nicoli et al., 2010; 

Scott, 2003).  

Morphometric evaluation of embryo health refers to the usage of specific programmes in 

order to analyse morphology and size of the embryo in relation to their developmental stage 

as another yet attempt to correlate measurable characteristics to embryo quality. 

Morphometric parameters are calculated from the perimeters, surface measurements, 

theoretical diameters and circularity factors (Roux et al., 1995). 

High-tech methods have also been developed is the last years in an effort to exploit as 

many elements concerning embryo development as possible. In metabolomic profiling, the 

metabolic changes are measured in the culture medium of embryos and oocytes and these 

measurements seem to correlate with embryo development and morphology assessment 

(Nagy et al., 2008). In addition differences in the metabolite composition of follicular fluid 

seem to correlate with the developmental competence of human oocyte, suggesting that the 

metabolic profiling of follicular fluid could be used in gamete/embryo selection (Wallace et 

al., 2012). Apart from measuring metabolic changes, the depletion and/or appearance of 

amino acids in embryo culture media has also been explored, a process known as amino acid 

profiling, suggesting that this procedure has the potential to improve the prospective selection 

of the most viable embryos for transfer (Sturmey et al., 2008). In the same context, proteomic 

profiling has been used, where proteins produced and secreted by the embryo to the 

surrounding medium can be identified and used as markers to further improve ART (Katz-

Jaffe and Gardner, 2008; Katz-Jaffe et al., 2009). Respiration-rate and soluble human 

leukocyte antigen-G measurements and birefringence imaging are only few of the techniques 

that have been proposed over the years in order to improve IVF implantation rates (Montag 

and van der Ven, 2008; Scott et al., 2008; Warner et al., 2008). 

Except from the microscopic morphological analysis, other techniques have implemented 

the use of decision trees (Saith et al., 1998), the construction of predictive statistical models 

(Trimarchi et al., 2003) and algorithms (Manna et al., 2004) or even the use of Bayesian 

classifiers (Morales et al., 2008). Using Bayesian classifiers researchers have tried to build 

decision support systems for embryo selection; such analysis however cannot provide any 

functional features of the developing embryos. Monitoring the embryo for a period of time 

using time-lapse microscopy techniques, where timing, duration, spatial distribution and 

extent observation of cell divisions and associated cellular and organelle movement are being 

evaluated, could indeed provide information as to the best embryo selection. However, such 

approach could only deal with a limited number of IVF patients because of the limited space 

offered by the technique. 
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Cryopreservation 
 

After ovarian hyperstimulation multiple embryos are created. Instead of selecting the 

most promising embryos and discarding the rest, advances in the cryopresentation procedures 

allow preserving and progressively using all the available embryos, until successful 

pregnancy is achieved.  

The belief that cryopreserved embryos have lower implantation rates after thawing is now 

challenged by recent findings. It has been suggested that ovarian hyperstimulation can affect 

endometrial receptivity and synchronization between embryo and endometrial development 

(Check et al., 1999; Shapiro et al., 2011; Shapiro et al., 2008). In such a case, 

cryopresentation and subsequent embryo transfer in a normal and more receptive cycle could 

result in better pregnancy rates, since the negative effect from embryo thawing could be 

counterbalanced by the better endometrial receptivity (Sebastiaan Mastenbroek et al., 2011). 

In fact, the usage of slow freeze embryo cryopreservation protocols report comparable or 

even increased pregnancy rates (Check et al., 1995; Zhou et al., 2009). Slow freeze embryo 

cryopreservation relies on the fact that cooling is slow enough to permit sufficient water to 

leave the embryo during progressive freezing of the surrounding fluid and thus avoid lethal 

intracellular freezing. 

Even higher pregnancy rates could be possibly achieved with the use of vitrification, a 

flash-freezing process which results in a solid glass-like embryo, free of ice crystals (Zhang et 

al., 2010). Post-thaw survival rates and in vitro development after vitrification seem indeed 

better than after slow freezing (Loutradi et al., 2008). In addition, virtification is shown to 

produce significantly improved ongoing pregnancy rates in comparison with slow freezing 

(AbdelHafez et al., 2010). Indeed, when compared to fresh embryo transfer in a cycle with 

ovarian hyperstimulation, vitrification of all embryos and transfer in a subsequent non-

hyperstimulated cycle results in significantly improved ongoing pregnancy rates (Aflatoonian 

et al., 2010). 

Thus, if all harvested embryos could be cryopreserved and transferred in subsequent 

cycles without affecting or even with improving pregnancy rates, then no selection method 

would be needed, since all embryos would be serially transferred until a successful pregnancy 

could be achieved (Sebastiaan Mastenbroek et al., 2011). However, time to pregnancy is a 

very important parameter; each embryo transfer is followed by a significant economical and 

psychological cost, therefore, embryos with the highest implantation potential should be 

transferred first in order to achieve a successful pregnancy as soon as possible. A non 

invasive selection method which would decide on single and most suitable embryo for 

transfer, while sparing the rest, would be necessary in this case. 

 

 

Non-Linear Microscopy 
 

The use of femtosecond (fs) lasers for excitation has improved not only the resolution and 

the three dimensional (3-D) imaging capabilities of microscopy by multiphoton excitation – 

e.g., Two- or Three Photon Excitation Fluorescence (TPEF – 3PEF) - but has also 

demonstrated the possibilities for new detection techniques by exploiting nonlinear excitation 

effects, e.g. Second-Harmonic Generation (SHG) and Third Harmonic Generation (THG). 

The basic principle underlying these techniques is that for tightly focused fs laser pulses, the 
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photon density is high enough to induce multiphoton absorption or other nonlinear (coherent) 

processes within the focal volume. Fluorophores whose excitation maximum is in the ultra 

violet (UV) or in the visible (VIS) parts of the electromagnetic spectrum can be excited by 

two or three infrared (IR) photons. Since nonlinear absorption and thus induced fluorescence 

occurs solely at the focal volume of the laser beam, a high axial resolution and consequently 

the 3-D imaging capability of confocal microscopy can be attained without the use of a 

confocal aperture. Furthermore, there is no interfering fluorescence from the surrounding 

structures and “out of focal plane” photobleaching/toxicity can be significantly reduced. More 

precisely, for nonlinear techniques, the efficiency of the generated signal scales nonlinearly 

with the intensity of the excitation beam. Thus, the use of fs lasers enables high peak powers 

for efficient nonlinear excitation, but at low enough energies that biological specimens are not 

damaged. Additionally, the use of IR light permits a high penetration depth into tissues due to 

the low absorption and scattering by the primary cellular components (water, proteins etc). 

For SHG and THG, an additional advantage derives from the fact that no energy is deposited 

(absorbed) by specimens, thus sample disturbance (e.g., thermal, mechanical side-effects) is 

minimal. 

Third Harmonic Generation constitutes a coherent nonlinear scattering phenomenon 

which depends on the cube of the incident intensity. During this optical procedure, three 

photons of angular frequency ω interacting within the volume of a material are effectively 

combined to give one photon having the triple angular frequency, thus the triple energy, of 

each incident photon (Barad et al., 1997). THG originates from the nonlinear response of 

matter after its exposure to high intensity electromagnetic irradiation which can locally 

produce fields comparable or even greater than the typical fields prevailing inside atoms and 

molecules (~10
12

 V/m). In contrast to SHG which strictly requires a non centrosymmetric 

medium, THG can potentially appear to every kind of material. However, the effective 

generation of third harmonic light by focused beams presupposes either a third order 

susceptibility or a refractive index interface which will ensure that the resulting harmonic 

waves will not interfere totally destructively during their propagation along the medium 

(Débarre and Beaurepaire, 2007). The above two conditions (which are met simultaneously in 

most of the cases) make THG nonlinear microscopy an ideal tool for the in-vivo examination 

of the structure and morphology of various optically inhomogeneous biological specimens.  

Non linear imaging techniques (TPEF, SHG, THG) have been used for the in vivo 

imaging and mapping of sub-cellular biological structures and processes (Campagnola and 

Loew, 2003; Filippidis et al., 2009; Zipfel et al., 2003), since they present several advantages 

when compared with other microscopic techniques, such as the capability of intrinsic three-

dimensionality (3-D), the increased axial resolution, the ability to section deep within tissues 

and the reduction of “out of focal plane” photobleaching and phototoxicity phenomena in the 

specimens. Furthermore, by using THG no fluorescent markers are needed for staining the 

samples.  

Specifically, THG imaging modality has been employed as a diagnostic tool providing 

detailed structural and morphological information from various specimens (Gualda et al., 

2008). In embryology, several imaging techniques, such as confocal laser scanning 

microscopy (CLSM; Cockell et al., 2004), and Differential Interference Contrast (DIC-

Nomarski; Hamahashiet al., 2005) have been employed to track cell division stage of 

biological specimens. Recently, the non linear imaging modality of THG has been used, as an 

alternative method, providing information related to morphological changes and complex 
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developmental processes of Zebrafish (Chen et al., 2006; Chu et al., 2003; Sun et al., 2004), 

Drosophila (Débarre et al., 2006; Supatto et al., 2005), Xenopus laevis (Oron et al., 2004), 

Caenorhabditis elegans (Aviles-Espinosa et al., 2010; Tserevelakis et al., 2010; Tserevelakis 

et al., 2011) and mouse embryos (Jesacher et al., 2009; Kyvelidou et al., 2011; Watanabe et 

al., 2010). Moreover, quantitative cell tracking studies have been performed at early stage 

embryos via the detection of higher harmonic signals (Olivier et al., 2010). Consequently, the 

THG imaging technique has indeed the potential to offer new insights into complex 

developmental processes of embryogenesis in many biological settings. Sub cellular 

organelles such as lipid bodies have been considered as the most prominent structures for the 

detection of high THG signals from cells, intact tissues, plant seeds, insect and mouse 

embryos (Débarre et al., 2006; Watanabe et al., 2010). Lipid droplets present different optical 

properties and thus different refractive index values in comparison to the surrounding watery 

environment of the cell. 

 

 

Experimental Apparatus 
 

MPEF, SHG and THG signals are generated simultaneously from the focal spot of the 

biological sample providing complementary information. Multi-photon microscopes are now 

commercially available and it can be is easily upgraded for the detection of additional non 

linear signals (SHG, THG). Non linear microscopes are flexible and relatively easy to use 

systems, since a single femtosecond laser beam is required for the realization of the non linear 

measurements (MPEF, SHG, THG). Therefore, the non linear optical imaging and especially 

the THG modality could be extensively used as non destructive diagnostic tools for the study 

of complex biological processes in many samples.  

 

 

Figure 2. Schematic representation of the experimental set-up with two pathways of detection one in the 

reflection (for the TPEF signals) and the other in the transmission mode (for the THG signals). PMT is 

photomultiplier tube. 



Qualification and Quantification of Pre-Implantation Embryo Health 83 

A characteristic experimental set-up, (with two pathways of detection, one in the 

reflection and the other in the transmission mode) for the realization of nonlinear imaging 

measurements in biological samples, is depicted in Figure 2.  

Briefly, the apparatus consists of an Amplitude Systems femtosecond laser operating at 

1028 nm, with average power of 1 Watt, delivering 200 fs pulses at a repetition rate of 50 

MHz. Since the third harmonic of the laser system is in the near ultraviolet (UV) region of the 

electromagnetic spectrum (~343 nm), there is no need to use UV optics with special coatings 

for the collection of the THG signal. The focal plane is selected with the motorized translation 

stage (1 μm resolution). In order to get high resolution images, the scanning is performed by a 

pair of galvanometric mirrors. Lab View interface used to control both scanning and data 

acquisition procedures. MPEF signals are collected in the backward direction using a 

photomultiplier tube (PMT). THG signals are detected simultaneously in the forward 

direction, by employing a second PMT. 

 

 

Ovum and Sperm THG Imaging 
 

Non-linear microscopy can provide significant histological and morphological 

information concerning the LB number and distribution in the oocyte without the use of 

fluorophores or other markers.  

 

 

Figure 3. Unfixed, unfertilized, mature BALB/c oocytes, 18 h post-hCG (human Chorionic 

Gonadotropin) injection. 



Christiana Kyvelidou, George J. Tserevelakis, Katerina Vardaki et al. 84 

 

Figure 4. A. Human spermatozoa with expected acrosomal structures. Nuclear appears as a dark area in 

the sperm head, B. Spermatozoa from the same sample. THG signal is more definite upon higher 

resolution (100X NA 1.4 oil immersion objective lens). 

The non-linear imaging modality of THG provides the opportunity to take serial sections 

of the oocyte or embryo and upon reconstruction, define nuclear as well as LB positioning. In 

THG images of non-fertilized, mature oocytes, the female pronucleus is in the center of the 

oocyte while the THG signal diffused in the cytoplasmic area and polarized (Figure 3). This 

polarity could be associated with the sperm penetration point. 

Mature spermatozoon has three characteristics that make it unique among the cells of the 

body. These are the absence of cytoplasm, the presence of the tail and its functional and 

anatomical independence. Normal fertile men produce ejaculates containing more than 50% 

grossly abnormal spermatozoa, displaying defects in one or several regions of the cell. 

A normal, mature human spermatozoon is typically described as possessing an oval head 

of regular outline with clearly defined anterior (acrosomal).  

The acrosome is a membrane- bound organelle that covers the anterior one-half to two-

thirds of the sperm head. The single sperm tail is inserted into a symmetrically located 

shallow depression at the base of the head. Immediately behind the head the tail is slightly 

thickened to form the midpiece region, which consists of dense fiber bundle, which is the 

connection of the head to the tail. The midpiece houses the mitochondria of sperm that are 

spirally arranged. 

THG imaging of spermatozoa allows detection of the acrosomal structures (Figure 4) 

providing thus an additional marker to sperm quality control. 

 

 

Pre-Implantation Embryo THG Imaging 
 

In the mammalian pre-implantation embryo, the zygote’s stage is the longest in duration. 

Six to seven hours after fertilization the male and female pronuclei are apparent and far from 

each other, with the smaller in size male pronucleus still being near the zygote’s cell 

membrane (Figure 5). 

Afterwards, the female and male pronuclei start migrating to the center where they will 

finally meet (Figure 6). 
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Figure 5. Unfixed BALB/c zygotes 18 h post-hCG injection. In the upper row the male pronuclei (♂) 

are apparent after the sperm’s penetration into the oocyte, while the middle row the larger in size 

female pronuclei (♀) of the corresponding oocyte are shown. The lower row represents the white light 

imaging of the zygote. 

 

Figure 6. Unfixed BALB/c zygotes 19 h post-hCG injection. The pronuclei are reaching for each other 

in the center and are now in the same level. The lower row represents the white light imaging of the 

zygote. 
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Figure 7. Unfixed BALB/c zygotes 20 h post-hCG injection. The pronuclei are migrating to the center 

where a dark area is forming. 

 

Figure 8. Unfixed BALB/c zygotes 21 h post-hCG injection. The pronuclei are no longer visible and in 

the center of the zygote only a dark area with no clearly defined boundaries is present. 

 

Figure 9. Serial slices of an unfixed BALB/c zygotes 22 h post-hCG injection. The pronuclei are no 

longer visible and in the center of the zygote only a dark area with no clearly defined boundaries is 

present. Additionally in the periphery of this area the THG signal distribution is differentiated. 
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Figure 10. Serial slices of an unfixed BALB/c zygotes 23 h post-hCG injection. THG signal 

polarization is apparent. 

 

Figure 11. Unfixed BALB/c zygotes 29 h post-hCG injection. The dark area which was present for the 

last 7 h has started to shrink while the zygote is ready to undergo its first cleavage. 

 

Figure 12. Unfixed BALB/c 2-cell embryos, 44 h post-hCG injection. There is no equivalence of the 

THG signal between the two blastomeres. 
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In pronuclei meeting point the nuclear envelops dissolve, the replicated chromosomes are 

arranged into a common mitotic spindle and the zygote is preparing for its first cleavage. 

THG images from this stage show a dark area with no clearly defined boundaries in the center 

of the zygote (Figure 7-9). This area probably represents the point where the chromosomes 

are arranged. Approximately 3 h later (23 h post-hCG injection) a THG signal polarizes 

towards one side of the zygote (Figure 10) and finally, about 5 h before the first cleavage (29 

h post-hCG injection) a redistribution of the THG signal is observed throughout the volume 

of the cell (Figure 11). Just after the first cleavage (44 h post-hCG injection), the levels of 

THG signal between the blastomeres are not equal and dominance of one blastomere over the 

other is observed (Figure 12). Nonetheless, only an hour later the THG signal between the 

two blastomeres begins to equalize (Figure 13) and at 46 h post-hCG THG signal in both 

blastomeres is evenly distributed within the embryos (Figure 14).  

 

 

Figure 13. Unfixed BALB/c 2-cell embryos, 45 h 30 min post-hCG injection. The THG signal between 

the two blastomeres begins to equalize. 

 

Figure 14. Unfixed BALB/c 2-cell embryos, 46 h post-hCG injection. The THG signal in both 

blastomeres is evenly distributed within the cytoplasm. 

 

Figure 15. A. Unfixed BALB/c 3-cell embryo, 60 h post-hCG injection; one blastomere divided giving 

two smaller blastomeres with different THG signal distribution, while the other blastomere has not 

undergo up to this time the second mitotic division. B. Unfixed BALB/c 4-cell embryo, 61 h post-hCG 

injection; in the THG image only three of the four blastomeres can be distinguished in which the 

different THG signal distribution is apparent.  
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The same energetic pattern seems to repeat at least to the next two mitotic divisions 

resulting to the formation of the 4-cell (Figure 15 and 16) and 8-cell embryos (Figure 17). 

After each cleavage the THG signal between the blastomeres is not equal (Figure 15-B 

and 17-B), however, as embryo’s development progresses, equivalence is restored but not 

with the same success as in the case of the 2-cell embryos.  

After the 4-cell stage embryos, cases of asynchronous divisions have been observed 

(Figure 15-A), suggesting that the development of each blastomere is not fully consistent with 

the development of adjacent blastomeres. 

Nevertheless, as embryo development progresses, THG signal appears more equally 

distributed within the same blastomere, while a little later it is located mainly at the periphery 

of each blastomere (Figure 17, 18 C and D). 

After the 8-cell stage, where the number of the blastomeres increases and compaction is 

observed, maximization of intercellular connections makes more difficult the implementation 

of THG imaging (Figure 18 and 19). 

 

 

Figure 16. Different slices of an unfixed BALB/c 4-cell embryo 63 h post-hCG. 

 

 

Figure 17. A and B. Unfixed BALB/c 8-cell embryo 72 h post-hCG; blastomeres are not equivalent and 

the THG signal appears diffused in the cytoplasmic area, C. Unfixed BALB/c 8-cell embryo 73 h post-

hCG; blastomeres are not equivalent and the THG signal is shifting towards the blastomere surface, D. 

Unfixed BALB/c 8-cell embryo 74 h post-hCG; blastomeres are not equivalent and the THG signal is 

located only in the periphery of the blastomeres. 
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Figure 18. A and B. Unfixed BALB/c morula 88 h post-hCG; THG signal appears intense and diffused 

in the cytoplasmic area, C and D. Unfixed BALB/c morula 92 h post-hCG; THG signal decreases. 

 

 

Figure 19. A. Unfixed BALB/c blastocyst 98 h post-hCG; THG signal with white light imaging, B. 

THG imaging of the blastocyst; a central slice where the blastocoel (*),the ICM (upper arrow), the 

trophectoderm (lower arrow) and zona pellucida are apparent, C. 3D THG imaging of the slices. 

In the morula stage, 88 h post-hCG injection, not all nuclei and mostly those in the 

peripheral blastomeres can be distinguished, while THG signal appears intense and diffused 

in the cytoplasmic area (Figure 18 A and B). Approximately 92 h post-hCG injection, as 

blastomeres continue their mitotic divisions the amount of cytoplasm is reducing and THG 

signal decreases (Figure 18 C and D). 

In the blastocyst stage, 98 h post-hCG, the blastocoel appears as a clearly defined black 

hole which does not contribute to the THG signal, while a low signal profile comes from the 

trophectoderm. In this case, ICM appears to be the major THG signal contributor (Figure 20).  

 

 

Quantification of Pre-Implantation Embryo Health Using THG Imaging 
 

Through THG signal quantification, collected images can be attributed an objective 

numerical value that reflects the embryo’s composition regarding lipid bodies (Figure 20). 
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THG signal quantification allows objective comparison of THG imaging between embryos 

and provides additional data concerning signal distribution at each developmental stage of the 

pre-implantation embryo. Quantification has been achieved through the estimation of mean 

THG intensity signals of each measurement. 

A comparative quantification study between preimplantation embryo stages revealed that 

the highest THG signal was observed at the 2-cell stage and decreased thereafter. LB content 

was decreased by 22% (p=0.0018) and by 42% (p<0.0001) at the 4-cell and 8-cell stage 

respectively and started increasing again at the morula stage (Kyvelidou et al., 2011). These 

fluctuations are presumably related to the embryo’s energetic needs in the early stages of its 

development. Interestingly, in the case of necrotic zygotes THG signal was decreased by 

47.8% (p=0.0002) compared to the healthy embryos. 

Furthermore, THG signal quantification could also provide useful information not only 

on the quantity, but also the unequal distribution of lipid bodies within each blastomere. The 

higher coefficient of variation (CV, the ratio of the standard deviation to the mean) detected, 

the less homogeneous signal distribution would be obtained. At the zygote stage, the 

coefficient of variation increases as embryo development progresses over time (Figure 21). 

Shortly after fertilization and during the pronuclei migration to the center of the oocyte (18-19 

h post-hCG) the coefficient of variation remains constant. This balance changes at the time 

when the female and male pronuclei meet (21 h post-hCG), where in such a case a 20.6% 

(p=0.0707) increase is observed. 

 

  

Figure 20. Example of the statistical analysis to quantify the produced signal by the generation of the 

third harmonic in a BALB/c zygote. Through the normalized curve, values for skewness and kurtosis 

can be obtained offering additional information on the THG signal distribution within the embryo. 
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Figure 21. Change of the CV value as the zygote’s development progresses over time. 

One hour later, this increase reaches 39.7% (p=0.0001) and 29 h post-hCG as the zygote 

approaches its first cleavage the increase of the coefficient of variation is 45.9% (p=0.0004) 

as compared to the initial value 19 h after the administration of hCG.  

Moreover, THG signal quantification could provide information concerning the 

equivalence of blastomeres in pre-implantation embryos. 4-cell and not compacted 8-cell 

BALB/c embryos have been tested for that matter. Using THG imaging and signal 

quantification on isolated blastomeres of intact embryos, a divergence of 12-18% of the 

generated signal intensity could be detected among blastomeres of the same embryo. The 

same difference was obtained upon removal of zona pellucida in isolated blastomeres 

indicating that THG imaging can provide accurate information of the LB content in the intact 

embryo (Kyvelidou et al., 2011). The observed 12-18% divergence of the THG signal 

between the blastomeres of the same embryo confirms the hypothesis that blastomeres even at 

such an early stage of development are not equivalent. Consequently, this unequivalence 

could be used in blastomere selection for PGD. 

 

 

Conclusion 
 

THG imaging is a novel and promising non-invasive imaging technique which has been 

used as a diagnostic tool in many model organisms providing extremely notable information 

concerning lipid body distribution within the cell and consequently the cell’s energetic 

profile.  

The use of THG imaging allows the study of energetic changes in the pre-implantation 

embryo and evaluation of whether such imprinting could predict healthy embryos’ next move 

in the developmental process. In that case, the use of this analytical technique could allow 

visualization of the energetic status of individual blastomeres, evaluate their equivalence and 

consequently provide a method of blastomere selection for pre-implantation genetic 

diagnosis. 

Additionally, THG imaging allows the study of embryo and oocyte polarization a 

characteristic which in the case of oocytes could predict the right positioning for sperm 
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penetration or microinjection and therefore, could be used in ICSI and also THG imaging of 

the sperm could provide a sperm selection imaging technique for ICSI. 

Furthermore, as THG imaging is a non-invasive procedure it can be used as a method for 

oocyte or embryo selection in cryopreserved oocyte and embryos to determine the most 

suitable ones for initial implantation in order to minimize the transfers and secure a positive 

outcome as soon as possible. 

Among the numerous benefits that would be derived from improving IVF success rates 

via THG imaging and embryo selection special care is given to a. Reducing time, expense of 

mental and physical ordeal associated with repeat IVF procedures and b. Supporting the 

single embryo transplant trend to reduce the incidence, costs and medical risks associated 

with multiple embryo implantation and consequently need of embryo number reduction. 
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