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Abstract 12 
During preimplantation development, the human embryo forms the blastocyst, the structure 13 
enabling uterine implantation. The blastocyst consists of an epithelial envelope, the 14 
trophectoderm, encompassing a fluid-filled lumen, the blastocoel, and a cluster of pluripotent 15 
stem cells, the inner cell mass. This specific architecture is crucial for the implantation and 16 
further development of the human embryo. Furthermore, the morphology of the human embryo 17 
is a prime determinant for clinicians to assess the implantation potential of in vitro fertilized 18 
human embryos, which constitutes a key aspect of assisted reproduction technology. 19 
Therefore, it is crucial to understand how the human embryo builds the blastocyst. As any 20 
material, the human embryo changes shape under the action of forces. Here, we review recent 21 
advances in our understanding of the mechanical forces shaping the blastocyst. We discuss 22 
the cellular processes responsible for generating morphogenetic forces that were studied 23 
mostly in the mouse and review the literature on human embryos to see which of them may be 24 
conserved.  Based on the specific morphological defects commonly observed in clinics during 25 
human preimplantation development, we discuss how mechanical forces and their underlying 26 
cellular processes may be affected. Together, we propose that bringing tissue mechanics to 27 
the clinics will advance our understanding of human preimplantation development, as well as 28 
our ability to help infertile couples to have babies.  29 



Introduction: 30 
In the first days after fertilization, the human embryo needs to acquire implantation 31 

competencies [1–4]. The structure enabling the human embryo to implant is called the 32 
blastocyst, which has a very characteristic architecture [5,6]. It consists of an epithelium, the 33 
trophectoderm (TE), enveloping a fluid-filled lumen, the blastocoel, and a cluster of pluripotent 34 
stem cells, the inner-cell mass (ICM). The TE invades the maternal uterus and implants the 35 
embryonic tissues deriving from the ICM [7]. Until implantation, the human embryo can develop 36 
without intervention from the mother. As a consequence, the self-organisation of the human 37 
embryo into the blastocyst can be studied ex vivo and offers unique opportunities to study 38 
human embryonic development.  39 

To form the blastocyst, the human embryo initially undergoes cleavage divisions, i.e. 40 
there is no cell growth during the interphase (Fig 1). Essentially, cells halve their volume with 41 
each cleavage and cells rearrange themselves to shape the blastocyst without changing the 42 
total cellular volume of the embryo, as measured accurately in the mouse [8]. The series of 43 
cellular rearrangements sculpting the blastocyst can be broken down into three steps: 44 
compaction, internalisation and lumen formation [5]. Compaction is the process by which the 45 
loosely attached blastomeres enlarge their cell-cell contacts and reduce their surface exposed 46 
to the outside medium [9–12]. Internalisation occurs when a subset of cells become entirely 47 
surrounded by neighbouring blastomeres and isolated from the outside medium [13–17]. This 48 
differential positioning of cells is a prerequisite to the first lineage specification into ICM for 49 
inner cells and TE for those remaining at the embryo surface [18–21]. Finally, the blastocoel 50 
appears when TE cells pump fluid, which pushes the ICM into one quadrant of the blastocyst 51 
[22–24]. The lumen breaks the radial symmetry of the embryo, which is key to the formation of 52 
the axes of symmetry after implantation [23,25,26]. The lumen also serves as a new interface 53 
for the differentiation of the ICM into primitive endoderm (PrE) and epiblast (Epi) and of the TE 54 
into mural and polar TE (mTE and pTE respectively) [27–30]. Sandwiched between the pTE 55 
and PrE, the Epi will provide all cells of the human body while the PrE contributes to most of 56 
the yolk sac [31,32]. The pTE is thought to mediate uterine implantation in human whereas 57 
this role seems devoted to the mTE in mice [28,29,31,33,34]. 58 

Since the advent of in vitro culture, the morphology of the human embryo has been 59 
observed and described in numerous studies. In fact, together with cell number, the 60 
morphology of the human embryo is one of the prime determinant in clinicians assessment of 61 
the implantation potential of human embryos [35,36]. For example, poor compaction or slow 62 
lumen growth are associated with lower implantation rates [10,37–39]. Therefore, the current 63 
and future efforts in developing algorithms able to better predict the implantation potential of 64 
human embryos grown in vitro will undoubtedly rely on morphological criteria [40–42]. 65 

Despite the importance of human embryo morphology for its development, we know 66 
little of the mechanisms responsible for shaping the human embryo [1–3]. When it comes to 67 
shaping any materials, forces are necessarily in action [43,44]. In the past decades, major 68 
discoveries regarding the nature of forces that shape animals were made using model 69 
organisms such as the worm, fly, fish, frog and, more recently, mouse [11,45–48]. The same 70 
forces are most likely responsible for the shaping of the human embryo. Of particular relevance 71 
to the shaping of the human blastocyst are surface tension [49–51], adhesive coupling 72 
between cells [52–54] and, osmotic pressure [55,56]. In animal cells, surface tension is 73 
governed by the contractility of the acto-myosin cortex, a thin layer of cross-linked actin 74 
filaments underneath the plasma membrane that is put under tension by the action of non-75 



muscle myosin II motors [57,58]. The mechanical stresses exerted by the acto-myosin cortex 76 
is a prime determinant of cell shape as it drives cell rounding and cytokinetic cleavage in half 77 
during cytokinesis, or cell body retraction during migration or blebbing [59–63]. Adhesive 78 
coupling between cells resists their separation [23,64,65]. It is mediated by cadherin adhesion 79 
molecules and associated proteins, the catenins, which anchor the adhesion complex to the 80 
actin cytoskeleton. By doing so, the adhesion complex connects the acto-myosin cortex of 81 
contacting cells and transmits its tension throughout the tissue [66,67]. Osmotic pressure 82 
dictates the movement of water between sealed compartments such as the outside medium, 83 
the cytoplasm and fluid-filled lumens. Osmotic pressure relies on tight junctions, which seal 84 
intercellular spaces, and ion pumps, which actively change the osmolarity of sealed 85 
compartments [68,69]. Osmotic gradients will then trigger the passive movement of water 86 
between compartments through aquaporin water channels [70]. 87 
 In this review, we discuss how learning about the mechanics of tissues can help 88 
understanding the shaping of the human blastocyst. We consider how defective morphologies 89 
could be explained by aberrant force patterns and point to specific cellular process underlying 90 
them. In particular, we examine defects in cleavage divisions, compaction, internalisation and 91 
lumen formation. Since defects in the morphology of human embryos is a prime determinant 92 
of their health, bringing mechanics to the clinics will be key to improve assisted reproduction 93 
technologies. For reviews covering the patterning of blastocyst lineages or general clinical 94 
aspects, we recommend alternative reviews [1–4]. 95 
 96 
Cleavages 97 
 Before human morphogenesis begins, cleavage divisions provide the only changes in 98 
the morphology of the embryo (Fig 1). The first division takes place after a day and the second 99 
half a day later [71,72]. Then, sister blastomeres divide every day in waves of progressively 100 
decreasing synchrony (Fig 1). The early cleavages are notoriously error prone [4,73]. They 101 
frequently lead to chromosome segregation errors [74] and are at the origin of aneuploidy that 102 
can lead to developmental arrest [73]. Alternatively, these errors can be corrected by excluding 103 
aneuploid cells from the embryonic tissue, which are later found in the placenta [75]. Aneuploid 104 
cells can also contribute to the epiblast with or without further consequences on embryonic 105 
development [76]. In addition to chromosome mis-segregation, cytokinesis can also be faulty. 106 
Cytokinesis should split cells in two equal volumes, forming embryos with even cell number 107 
and size. However, this is frequently not the case and has dire consequences for the embryo. 108 
Indeed, human embryos with unequally sized blastomeres at the 4- and 8-cell stages were 109 
found to have more frequent multinucleation and ploidy issues, which eventually reduces their 110 
implantation rate [77–79]. Therefore, unequally sized blastomeres can be used as an indicator 111 
of the genome integrity of the embryo and of its health in general. 112 

Unequal blastomere sizes can result from distinct events (Fig 2). Cytokinesis itself can 113 
produce sister cells with uneven sizes. Skewing the cleavage furrow during cytokinesis, for 114 
example by contractility unbalance, will result in uneven cleavage [62]. Alternatively, 115 
blastomeres can undergo “reverse cleavages”, fusing sister cells back together after the 116 
cleavage furrow completed the separation of the cellular volumes of the sister cells [72,80]. In 117 
addition to reducing the total expected number of cell, this results in the formation of polyploid 118 
blastomeres with twice the size of their neighbouring cells, which can easily be detected. 119 
Incomplete cytokinesis could result from defects in abscission, the process sealing apart the 120 
cytoplasm of sister cells and leading to the formation of the midbody [81]. Abscission requires 121 



the coordination of complex cellular machineries and often fails when chromosomes are mis-122 
segregated. Often referred to as “direct cleavage”, blastomeres can cleave into 3 similarly 123 
sized daughter cells instead of 2. After the first and second cleavages, embryos can show 3 124 
cells and 5 cells respectively [72,82]. This increases the number of expected cells and results 125 
in the formation of blastomeres that are 1/3rd smaller than expected, which can be difficult to 126 
notice with insufficient resolution. Direct cleavages are associated with fewer embryos 127 
reaching blastocyst stage and reduced implantation rate [82]. Nevertheless, blastocysts 128 
produced after direct cleavages can show normal ploidy, suggesting some repairing 129 
mechanism, possibly involving the exclusion of defective cells [72,83]. Such abnormal divisions 130 
can result from multipolar spindle and supernumerary centrioles caused by defective sperms 131 
[84,85]. Finally, human blastomeres often produce cellular fragments during cytokinesis, which 132 
wastes cellular material [73,86]. Importantly, fragments sometimes entrap chromosomes, 133 
making their cell of origin aneuploid [73,87]. Unsurprisingly, fragmentation is associated with 134 
poor prognosis for implantation [88,89]. Fragmentation is observed frequently in human 135 
embryos but rarely in mice, which makes the process difficult to study. Why human 136 
blastomeres produce so many fragments during cytokinesis is unclear. Blocking the actin and 137 
microtubule cytoskeletons reduces fragmentation, suggesting that these generate the forces 138 
driving fragmentation [90]. Cellular fragments have been compared to blebs due to their 139 
spherical shape. However, blebs are short-lived (around a minute), while fragment are stable 140 
over tens of hours [60]. Blebs could persists for longer time if contractility would be hyper-141 
activated [91]. However, there is not enough information available on fragment dynamics to 142 
understand how they form and persist. Alternatively, membrane threads connecting the zona 143 
pellucida to blastomeres were proposed to pull on blastomeres during cytokinesis [92]. 144 
 145 
Compaction 146 
 Starting as early as during the 8-cell stage, compaction is the first morphogenetic 147 
process associated with the formation of the blastocyst (Fig 1). During this process, 148 
blastomeres get closer together, forming a tighter structure (Fig 3). This developmentally 149 
regulated adhesion process requires the calcium-dependent cell-cell adhesion molecule CDH1 150 
(formerly known as E-cadherin or uvomorulin) [90,93–95]. Removing extracellular calcium 151 
prevents CDH1 binding and causes embryos to de-compact [96–98]. The compaction process 152 
was long thought to be driven by increased adhesion of cells via modifications of the CDH1-153 
dependent adhesion machinery [1,99]. However, mechanical measurements in the mouse 154 
embryo revealed that the forces driving compaction are located at the embryo surface rather 155 
than at cell-cell contacts [11]. Micropipette aspiration of mouse blastomeres throughout 156 
compaction uncovers raising tensions at the surface of the embryo as a result from the action 157 
of the actomyosin cortex (Toolbox 1). Cells literally pull themselves together using their 158 
intracellular muscles. The adhesion molecule CDH1 enables compaction by anchoring the 159 
actin cytoskeleton of contacting cells so that they can effectively pull onto each other [67]. 160 
CDH1 also provides local signals lowering contractility at cell-cell contacts and effectively 161 
relaxing them [100]. Whether such mechanism is also responsible for human compaction 162 
remains to be tested. Identifying the nature of the forces driving human embryo compaction 163 
would help understanding what causes this process to fail in some instances. 164 
 Clinical studies found that compaction can be defective in several different ways (Fig 165 
3). Compaction can be globally reduced with all blastomeres simply failing to grow their cell-166 
cell contacts, which is associated with fewer embryos reaching blastocyst stage and lower 167 



implantation rates [38,101]. Several cellular processes could be at fault, such as cell adhesion 168 
or contractility. Micropipette aspiration on embryos failing to compact would narrow down the 169 
options. Low tensions at the embryo surface would point towards contractility problems, such 170 
as in mouse mutants for myosin paralogs [16,102]. High tensions at the embryo surface would 171 
instead suggest defective adhesion, such as in mouse mutants for cadherin adhesion 172 
molecules [11].  173 

Alternatively, compaction can be delayed. While a minority of embryo start compaction 174 
as early as during the 8-cell stage, the majority of human embryos begin compaction during 175 
the 4th wave of cleavages, with at least 9 blastomeres and most finish compaction during the 176 
16-cell stage [10]. Embryos compacting less than 80 h after fertilization show higher rate of 177 
implantation and live birth than embryos compacting after the 80 h mark [12,101,103]. What 178 
controls the timing of compaction remains unclear though. In the mouse, activation of PKC can 179 
induce a premature (and transient) compaction [104,105], which has been proposed to 180 
promote contractility at the embryo surface [106]. 181 

Finally, compaction can be unequal (also referred to as partial compaction), with some 182 
blastomeres forming a compact mass while other cells appear excluded from this group (Fig 183 
3). Excluded cells may later on contribute to the TE or be excluded entirely from the blastocyst. 184 
The time of exclusion can occur before or after compaction is complete, with higher survival 185 
rates for embryos excluding cells during the compaction process [9]. Interestingly, excluded 186 
cells tend to be aneuploid while the rest of the embryo seems euploid [72]. This indicates that 187 
exclusion of cells during compaction could serve as a repair mechanism ensuring that 188 
defective cells do not participate to the blastocyst or to the embryonic tissues. Indeed, cells of 189 
the placenta show a high rate of aneuploidy and have long been thought to act as a sink 190 
eliminating defective cells from embryonic tissues [75]. However, the mechanism underlying 191 
unequal compaction and exclusion of defective cells remain unknown. Again, excluded cells 192 
could have lower tension at their surfaces or higher tensions at their cell-cell contacts, which, 193 
if measured, would point at the underlying cellular process at fault, contractility and/or adhesion 194 
(Toolbox 1). 195 
 196 
Internalisation of the ICM precursors 197 

The positioning of cells within the human embryo away from the cell-medium interface 198 
is a critical morphogenetic step for the formation of the TE and ICM lineages (Fig 1). 199 
Experimental manipulation of cell position reveals that outside cells from early human 200 
blastocyst can adopt ICM fate if transplanted onto the ICM, away from the cell-medium 201 
interface [18]. This apparent plasticity is explained by the fact that human lineages are 202 
definitely set in the late blastocyst stage [20,31,107]. Until then, the position of cells within the 203 
human embryo will guide their differentiation into either TE or ICM. How do blastomeres adopt 204 
different positions within the human embryo in the first place? 205 

Regardless of the molecular and cellular mechanisms that may control cell 206 
internalisation, with sufficient cleavages, blastomeres could end up on the inside of the embryo 207 
for geometrical reasons only [108]. Indeed, the packing of spherical objects into a sphere would 208 
necessarily position cells on the inside when they become sufficiently small as compared to 209 
the size of the embryo. If human embryos would be relying on geometrical packing only, then 210 
reducing the embryo size would prevent the formation of an ICM. Dissociating human embryos 211 
at the 4-cell stage reveals that 4-cell stage blastomeres are able to form smaller blastocyst 212 
[21]. Quarter embryos compact, grow their lumen and contain inner cells expressing the ICM 213 



marker NANOG. This implies that mechanisms other than geometrical packing drive cell 214 
internalisation in human embryos. 215 

In the mouse, at least two distinct mechanisms can internalise cells: oriented cell 216 
divisions and contractility-meditated cell sorting. Oriented cell division consists in aligning the 217 
mitotic spindle perpendicularly to the embryo surface so that one daughter cell is pushed 218 
inward after cytokinesis [15,109,110]. Cell sorting occurs during the interphase and relies on 219 
differences in surface tensions between cells, which, if sufficiently high, allow the strongest 220 
cells to pull their way inside the embryo [16,17]. Both positioning mechanisms rely on the 221 
establishment of apicobasal polarity with the apical domain facing the cell-medium interface 222 
[13–16]. Division orientation is guided by the tethering of one of the spindle pole to the apical 223 
domain [15]. This also facilitates the asymmetric inheritance of the apical domain, including 224 
sub-apical components such as intermediate filaments when present [111]. The asymmetric 225 
division of apical components, such as the apical kinases PRKCz and PRKCi (also known as 226 
aPKCι and aPKCζ) that downregulate actomyosin contractility, among sister cells is key to 227 
generate cell populations with different mechanical properties and drive cell sorting (Toolbox 228 
1) [16,112]. Last but not least, apicobasal polarity governs the positional signals guiding the 229 
differentiation of TE and ICM lineages (Toolbox 2). Apical signals promote TE lineages by 230 
enforcing the nuclear localisation of the co-transcriptional activator YAP while cell-cell contacts 231 
favour its cytoplasmic degradation [112,113]. Therefore, the apical domain is a master 232 
regulator of lineage positioning and specification in the mouse embryo.  233 

How much of this mechanism is conserved in human embryos is still unclear. Recently, 234 
the presence and function of the core components of the apical machinery controlling TE fate 235 
were confirmed in human and cow embryos [20]. Apical markers such as PRKCz, PARD6B or 236 
AMOT are observed at the apical domain of human embryos (Toolbox 2). The accumulation 237 
of PARD6B also seems to occur about 90 h post fertilization [114]. The human embryo then 238 
consists of at least 16 cells and compaction has completed [10,12,103]. This is later than in 239 
the mouse, which compacts and polarises during the 8-cell stage [11,20]. Similarly to the 240 
mouse [112], inhibition of PRKCz using a chemical inhibitor or TRIM-AWAY, which targets 241 
proteins to the proteasome using antibodies [115], impacts lineage specification in human 242 
embryos [20]. When apical signals are reduced, YAP nuclear localisation is compromised and 243 
the level of the TE-specific transcription factor GATA3 in outer cells is reduced [20]. Therefore, 244 
the TE specification module by apical signals seems conserved in human embryos. However, 245 
whether human embryos also rely on apicobasal polarity to positions inner and outer cells 246 
remains to be determined.  247 

 248 
At that point, the human embryo forms what is called the morula (Fig 1). The morula is 249 

compact, surface cells have an apical domain facing the outside medium, which initiate their 250 
TE differentiation, while inner cells do not have apical material and start adopting an ICM fate. 251 
Importantly, compaction is functionally independent from polarisation (and cell internalisation). 252 
This is best illustrated with mouse mutant embryos in which the processes can be impaired 253 
selectively. Lacking essential apical kinases, Prkcz;Prkci mutants fail to form normal apical 254 
domains, which prevents the correct specification of TE and ICM lineages but show a normal, 255 
or even enhanced, compaction [112]. On the other hand, Myh9 or Myh9;Myh10 mutants fail to 256 
compact due to the absence of sufficient actomyosin contractility but polarise correctly and 257 
form ICM and TE lineages in the correct proportions [102]. Therefore, despite their apparent 258 
synchrony, compaction and polarisation (and cell internalisation) can occur independently from 259 



one another in mouse mutants. This also seems to be the case for human embryos, which 260 
appear to compact normally when apical polarisation is impaired using inhibitors or TRIM-261 
AWAY [20]. Whether compaction is required for human embryo polarisation remains to be 262 
tested. 263 
 264 
Lumen formation 265 
 Apicobasal polarisation is also key for the formation of the blastocoel, the first 266 
mammalian lumen, which is the last morphogenetic step shaping the blastocyst (Fig 1). Fluid 267 
accumulates within the morula and inflates the embryo to almost 10 times its original volume 268 
[39]. Fluid is pumped into the intercellular space through the polarised surface epithelium while 269 
inner cells cluster into a bud against the epithelium. This bud forms the embryonic pole of the 270 
blastocyst, where the human embryo will mediate the uterine implantation [28,29,33,34]. In the 271 
expanded blastocyst, surface cells are now differentiated into TE and inner cells into ICM, 272 
which further specifies into PrE and Epi as the blastocyst prepares for implantation.  273 
 The formation of the blastocoel relies on the tight sealing of the TE, polarised transport 274 
and the ordered detachment of the ICM into one pole. Recent studies in the mouse provided 275 
mechanistic details on how these architectural changes proceed. Initially forming a domain in 276 
the centre of the cell-medium interface of surface cells, the apical domain expands [15]. When 277 
the apical domain hits the apical edge of cell-cell junctions, tight junctions seal the TE [24]. 278 
The expansion of the apical domain relies on coordinated cytoskeletal actions of the 279 
microtubules signalling to exclude acto-myosin from the apical domain, as observed in PRKC 280 
mutants [16,24]. This sealing can be challenged during cell divisions, which requires cells to 281 
round up and pull on their neighbouring cells, putting junctions under mechanical stress 282 
[22,116]. Therefore, tight junctions must reinforce themselves to prevent the embryo from 283 
collapsing under the increasing pressure of the blastocoel and during the waves of divisions 284 
of the TE. Polarised transport occurs through the cells rather than via junctions, as suggested 285 
by mouse mutants that, after failing all successive divisions, form a single-celled embryo, which 286 
nevertheless initiates blastocoel formation [102]. Indeed, as long as osmolytes transporters, 287 
such as the Na/K pump, and aquaporins are polarised along the apicobasal axis, blastomeres 288 
pump fluid from their apical to their basolateral compartment. This basolateral compartment is 289 
enriched in adhesion molecules, such as CDH1, and mechanically opposes detachment and 290 
fluid accumulation [23]. However, the fluid pressure, between 5-10 times higher than that of 291 
cells, is large enough to fracture cell-cell contacts. This includes contacts between ICM cells, 292 
which are transiently broken [23]. Contacts then repair themselves thanks to the action of their 293 
actomyosin cytoskeleton [117]. Interestingly, patterning the contractility of cells is sufficient to 294 
direct the positioning of the lumen and ICM, effectively dictating the first axis of symmetry of 295 
the mammalian embryo, which guides its implantation. 296 
 How much of these mechanisms are conserved in human embryos is unclear. The 297 
presence of key components from the tight junctions and fluid pumping machineries are likely 298 
[19,118–121]. More generally, the differentiation of the TE into a functional epithelium is 299 
required for the integrity of the human blastocoel, which fails when key transcription factor 300 
POU5F1 is mutated [19]. If conserved in human embryos, these mechanisms could have 301 
important clinical implications for better assessing embryos. The rate of blastocyst expansion 302 
is thought to provide information on its implantation potential, with implanting embryos showing 303 
higher expansion rates than non-implanting embryos [37,39]. Interestingly, the expansion rate 304 
is also an indicator of the ploidy state of the embryo, with aneuploid embryos inflating slower 305 



than euploid ones [122]. Aneuploidies seem to be more frequent in the TE directly lying over 306 
the ICM, the polar TE, which attaches to the uterus [123]. The reason for the slower expansion 307 
rate could be linked to leaky TE, for example as a result of poor sealing of tight junctions or 308 
could be due to weaker polarised transport. Non-invasive methods allowing measuring the 309 
sealing and transport of human embryos would be very helpful to assess these properties and 310 
better understand the causes underlying slower expansion. Fluorescence based assays can 311 
be used to detect leakage [22,68]. Measuring volume changes after osmotic shocks would 312 
allow assessing the transport properties [124]. Besides, analysing blastocyst growth rates with 313 
higher temporal resolution could give more information on sudden collapses [55,116]. Several 314 
studies investigated the relationship between collapses and implantation rates, with 315 
sometimes contradictory conclusions [125–127]. As collapses may result from cell divisions 316 
transiently disrupting the TE seal, they may report on a healthy dividing TE [22,116]. 317 
Alternatively, if collapses are too frequent, they may reflect a poorly sealed and therefore 318 
dysfunctional TE. Finally, reports of human blastocyst with multiple clusters of inner cells 319 
suggest that monozygotic twinning may originate from the blastocyst [128]. If conserved in 320 
human embryos, hydraulic fracturing of contact between inner cells during blastocoel initiation 321 
may be responsible for the formation of multiple ICM. However, the formation of multiple ICM 322 
was not observed in the mouse, even when the fracturing or repair mechanisms were 323 
genetically manipulated [23]. Further investigations in the adhesive properties of ICM and TE 324 
cells will be needed to identify how the ICM could split. 325 
 326 
Perspectives 327 
 Based on recent studies in mouse and human embryos, we have detailed how key 328 
steps of the shaping of the human blastocyst could proceed and fail. Since morphology serves 329 
as the basis for selecting the most suitable human embryos during assisted reproduction 330 
technology procedures [35,36], we believe there is much to be learned from the mechanisms 331 
of blastocyst morphogenesis. Current and future studies are taking exciting directions with the 332 
development of artificial intelligence (AI) based image analysis and non-invasive mechanical 333 
measurements. AI already shows performances equivalent to or even better than clinicians in 334 
predicting implantation rates, based on retrospective studies [40–42]. Most importantly, AI will 335 
allow more systematic procedures between clinics, as embryo diagnostic will rely less on the 336 
subjectivity of clinician eyes. However, algorithms, especially those based on machine 337 
learning, do not necessarily permit knowing the precise criteria used for predicting the 338 
implantation potential of embryos. Therefore, we should not rely on AI to uncover mechanistic 339 
understanding underlying developmental defects. On the other hand, non-invasive mechanical 340 
measurements offer the possibility to better understand the mechanisms for a given 341 
morphogenetic defects. For example, micropipette aspiration has been used on mouse and 342 
human oocytes and provided improved prediction of developmental potential [129]. 343 
Micropipette aspiration was performed through the zona pellucida, a porous glycoprotein shell 344 
of high elasticity compared to the oocyte. This aspiration measurement is therefore likely to 345 
reflect how porous and elastic the zona pellucida is, rather than probing the mechanics of the 346 
oocyte. Nevertheless, similar measurements could reveal how compaction fails in human 347 
embryos or even specific blastomeres. Such microaspiration could for example be performed 348 
as blastomeres are being remove during preimplantation genetic diagnostics. Together, better 349 
understanding the shaping of human blastocyst will improve the success rates of ART 350 



procedures, which become more frequent as the age of first conception keeps on increasing 351 
[130].  352 
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Figure Legends 364 

 365 
 366 
Figure 1: Human blastocyst morphogenesis 367 
Starting from the zygote (Day 0), the human embryo undergoes cleavage divisions, which 368 
become progressively less synchronous with successive waves of cleavages, finishing here 369 
with the 6th wave on Day 5. During the cleavage stages, there is no morphogenesis. 370 
Compaction begins on Day 3, around the time of the 4th wave and ends on Day 4. The morula 371 
is complete when the embryo is compacted and contains inner cells (red). At the time of 5th 372 
cleavage, the outer cells (blue) pump fluid to inflate a lumen and turn the embryo into the 373 
blastocyst. Defective morphologies result from defects in cleavages (see Fig 2), compaction 374 
(see Fig 3) and/or lumen formation. Note that developmental time is not represented linearly.  375 
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 376 
 377 
Figure 2: Cleavage defects during human preimplantation development 378 
Normal cleavage division splits the volume of the blastomere in equal parts (top). Cleavage 379 
defects can affect the volume of daughter cells in a noticeable way (right). Cytokinesis itself 380 
can be asymmetric and produce daughter cells of unequal size. Tripolar mitotic spindles can 381 
produce three daughter cells instead of two and result in what is referred to as direct cleavage. 382 
This often result in the production of aneuploid cells (marked by the presence of extra 383 
chromosomes in red). Cytokinesis or abscission can fail resulting in the fusion of sister cells 384 
and the formation of a polyploid or bi-nucleated cell (reverse cleavage). During cytokinesis, 385 
cellular fragment frequently form. Fragments waste material and sometimes entrap 386 
chromosomes leading to aneuploidy.   387 
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 389 
Figure 3: Compaction defects in human embryos 390 
During normal compaction (top), the human embryo increases the area of contact between 391 
cells and reduces the surface exposed to the outside medium to form the compacted morula. 392 
Compaction can fail completely or be weak (bottom left). Compaction can also occur in subset 393 
of blastomeres only, excluding some blastomeres (bottom right). Blastomeres excluded from 394 
unequally compacted morula can be aneuploid. Excluded blastomeres could contribute to the 395 
TE and therefore placental tissues or be excluded from the blastocyst entirely.  396 
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 398 
Toolbox 1: Surface tensions during compaction and cell internalisation 399 
Comparing the human embryo to contacting soap bubbles provides a general theoretical 400 
framework explaining compaction and cell internalisation [11,16,108]. Blastomeres are given 401 
a surface tension at their cell-medium (γcm) and cell-cell interfaces (γcc). Following the Young-402 
Dupré equation, the level of compaction is simply given by the ratio α of tension between cell-403 
cell and cell-medium interfaces (γcc/2γcm). The surface tension of blastomeres can be 404 
calculated using the Young-Laplace equation, which relates the surface tension, pressure and 405 
curvature of liquid-like materials. Micropipette aspiration can then be used to determine the 406 
pressure inside blastomeres [11,131]. This approach revealed that, during compaction of the 407 
mouse embryo, γcm doubles while γcm decreases by a third. Using the absolute values of 408 
surface tensions further uncovers that ¾ of mouse compaction results from the changes in 409 
surface tension γcm and ¼ from the relaxation of cell-cell contacts [11]. 410 
Considering the ratio of surface tensions at cell-medium interfaces of individual blastomeres δ 411 
= γcm1/γcm2, internalisation occurs when cell 1 grows its tension above a threshold value. 412 
This threshold is set at δ > 1 + 2α, and therefore depends the level of compaction [16]. 413 
Interestingly, differences in size have no effect on internalisation in theory. For the mouse 414 
embryo, the internalisation threshold is at 1.5, i.e. cells need to grow their tension 50% higher 415 
than that of their neighboring cells to pull their way inside the embryo.  416 
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 418 
Toolbox 2: De novo apicobasal polarisation and TE-ICM specification 419 
During preimplantation development, blastomeres form de novo a domain of apical material 420 
(red) at the surface of the embryo, away from cell-cell contacts (basolateral interfaces in blue). 421 
The apical domain forms in the center of the contact free surface and signals to the actomyosin 422 
cortex (green) to deplete it locally. The apical domain progressively expands until it reaches 423 
the apical edge of the cell junctions. The apical domain contains molecules such as CDC42, 424 
PARD6B or PRKC that prevent the LATS kinase from phosphorylating the co-transcriptional 425 
activator YAP. YAP can shuttle to the nucleus to interact with the transcription factor TEAD4 426 
and activate the expression of TE specific genes such as GATA3. Without an apical domain, 427 
inner cells show less YAP in their nucleus as the LATS kinase, with the help of NF2 and AMOT 428 
localised at cell-cell contacts, can phosphorylate YAP and target it to the proteasome. The 429 
presence of some of the signalling molecules involved in the subcellular localisation of YAP 430 
has been confirmed in human embryos (labelled in bold font), while other have only been 431 
studied in mouse embryos.   432 

Surface

Inside

Apical

Basolateral

AMOT

LATS
AMOTNF2 P

TEAD4

TEAD4

YAP
P

YAP

YAP

CT
NN
B

CT
NN
B

LATS

CTNNB

CTNNB

CDC42
PARD6B
PRKC

O
ut

er
 c

el
l

In
ne

rc
el

l

O
n

O
ff

GATA3



References 433 
[1] G. Coticchio, C. Lagalla, R. Sturmey, F. Pennetta, A. Borini, The enigmatic morula: 434 

mechanisms of development, cell fate determination, self-correction and implications 435 
for ART, Human Reproduction Update. 25 (2019) 422–438. 436 
https://doi.org/10.1093/humupd/dmz008. 437 

[2] M.N. Shahbazi, Mechanisms of human embryo development: from cell fate to tissue 438 
shape and back, Development. 147 (2020) dev190629. 439 
https://doi.org/10.1242/dev.190629. 440 

[3] S.E. Wamaitha, K.K. Niakan, Human Pre-gastrulation Development, Current Topics in 441 
Developmental Biology. 128 (2018) 295–338. 442 
https://doi.org/10.1016/bs.ctdb.2017.11.004. 443 

[4] M. Popovic, L. Dhaenens, A. Boel, B. Menten, B. Heindryckx, Chromosomal 444 
mosaicism in human blastocysts: the ultimate diagnostic dilemma, Human 445 
Reproduction Update. 26 (2020) 313–334. https://doi.org/10.1093/humupd/dmz050. 446 

[5] J.-L. Maître, Mechanics of blastocyst morphogenesis., Biology of the Cell. 109 (2017) 447 
323–338. https://doi.org/10.1111/boc.201700029. 448 

[6] M.D. White, J. Zenker, S. Bissiere, N. Plachta, Instructions for Assembling the Early 449 
Mammalian Embryo, Developmental Cell. 45 (2018) 667–679. 450 
https://doi.org/10.1016/j.devcel.2018.05.013. 451 

[7] E. Posfai, I. Rovic, A. Jurisicova, The mammalian embryo’s first agenda: making 452 
trophectoderm, The International Journal of Developmental Biology. 63 (2019) 157–453 
170. https://doi.org/10.1387/ijdb.180404ep. 454 

[8] R. Niwayama, P. Moghe, Y.-J. Liu, D. Fabrèges, F. Buchholz, M. Piel, T. Hiiragi, A 455 
Tug-of-War between Cell Shape and Polarity Controls Division Orientation to Ensure 456 
Robust Patterning in the Mouse Blastocyst, Developmental Cell. (2019) 1–18. 457 
https://doi.org/10.1016/j.devcel.2019.10.012. 458 

[9] G. Coticchio, K. Ezoe, C. Lagalla, K. Shimazaki, K. Ohata, M. Ninomiya, N. 459 
Wakabayashi, T. Okimura, K. Uchiyama, K. Kato, A. Borini, Perturbations of 460 
morphogenesis at the compaction stage affect blastocyst implantation and live birth 461 
rates, Human Reproduction. 36 (2021) 918–928. 462 
https://doi.org/10.1093/humrep/deab011. 463 

[10] K. Iwata, K. Yumoto, M. Sugishima, C. Mizoguchi, Y. Kai, Y. Iba, Y. Mio, Analysis of 464 
compaction initiation in human embryos by using time-lapse cinematography, J Assist 465 
Reprod Genet. 31 (2014) 421–426. https://doi.org/10.1007/s10815-014-0195-2. 466 

[11] J.-L. Maître, R. Niwayama, H. Turlier, F. Nédélec, T. Hiiragi, Pulsatile cell-467 
autonomous contractility drives compaction in the mouse embryo., Nature Cell 468 
Biology. 17 (2015) 849–855. https://doi.org/10.1038/ncb3185. 469 

[12] L. Rienzi, D. Cimadomo, A. Delgado, M.G. Minasi, G. Fabozzi, R. del Gallego, M. 470 
Stoppa, J. Bellver, A. Giancani, M. Esbert, A. Capalbo, J. Remohì, E. Greco, F.M. 471 
Ubaldi, M. Meseguer, Time of morulation and trophectoderm quality are predictors of 472 
a live birth after euploid blastocyst transfer: a multicenter study, Fertility and Sterility. 473 
112 (2019) 1080-1093.e1. https://doi.org/10.1016/j.fertnstert.2019.07.1322. 474 

[13] S. Anani, S. Bhat, N. Honma-Yamanaka, D. Krawchuk, Y. Yamanaka, Initiation of 475 
Hippo signaling is linked to polarity rather than to cell position in the pre-implantation 476 
mouse embryo., Development (Cambridge, England). 141 (2014) 2813–2824. 477 
https://doi.org/10.1242/dev.107276. 478 

[14] N. Dard, T. Le, B. Maro, S. Louvet-Vallée, Inactivation of aPKClambda reveals a 479 
context dependent allocation of cell lineages in preimplantation mouse embryos., PLoS 480 
ONE. 4 (2009) e7117. https://doi.org/10.1371/journal.pone.0007117. 481 



[15] E. Korotkevich, R. Niwayama, A. Courtois, S. Friese, N. Berger, F. Buchholz, T. 482 
Hiiragi, The Apical Domain Is Required and Sufficient for the First Lineage 483 
Segregation in the Mouse Embryo., Dev Cell. 40 (2017) 235-247.e7. 484 
https://doi.org/10.1016/j.devcel.2017.01.006. 485 

[16] J.-L. Maître, H. Turlier, R. Illukkumbura, B. Eismann, R. Niwayama, F. Nédélec, T. 486 
Hiiragi, Asymmetric division of contractile domains couples cell positioning and fate 487 
specification., Nature. 536 (2016) 344–348. https://doi.org/10.1038/nature18958. 488 

[17] C.R. Samarage, M.D. White, Y.D. Álvarez, J.C. Fierro-González, Y. Henon, E.C. 489 
Jesudason, S. Bissiere, A. Fouras, N. Plachta, Cortical Tension Allocates the First Inner 490 
Cells of the Mammalian Embryo, Developmental Cell. 34 (2015) 435–447. 491 
https://doi.org/10.1016/j.devcel.2015.07.004. 492 

[18] C. De Paepe, G. Cauffman, A. Verloes, J. Sterckx, P. Devroey, H. Tournaye, I. 493 
Liebaers, H. Van de Velde, Human trophectoderm cells are not yet committed, Human 494 
Reproduction. 28 (2013) 740–749. https://doi.org/10.1093/humrep/des432. 495 

[19] N.M.E. Fogarty, A. McCarthy, K.E. Snijders, B.E. Powell, N. Kubikova, P. Blakeley, 496 
R. Lea, K. Elder, S.E. Wamaitha, D. Kim, V. Maciulyte, J. Kleinjung, J.-S. Kim, D. 497 
Wells, L. Vallier, A. Bertero, J.M.A. Turner, K.K. Niakan, Genome editing reveals a 498 
role for OCT4 in human embryogenesis, Nature. 550 (2017) 67–73. 499 
https://doi.org/10.1038/nature24033. 500 

[20] C. Gerri, A. McCarthy, G. Alanis-Lobato, A. Demtschenko, A. Bruneau, S. Loubersac, 501 
N.M.E. Fogarty, D. Hampshire, K. Elder, P. Snell, L. Christie, L. David, H. Van de 502 
Velde, A.A. Fouladi-Nashta, K.K. Niakan, Initiation of a conserved trophectoderm 503 
program in human, cow and mouse embryos, Nature. 587 (2020) 443–447. 504 
https://doi.org/10.1038/s41586-020-2759-x. 505 

[21] H. Van de Velde, G. Cauffman, H. Tournaye, P. Devroey, I. Liebaers, The four 506 
blastomeres of a 4-cell stage human embryo are able to develop individually into 507 
blastocysts with inner cell mass and trophectoderm, Human Reproduction (Oxford, 508 
England). 23 (2008) 1742–1747. https://doi.org/10.1136/vr.114.10.240. 509 

[22] C.J. Chan, M. Costanzo, T. Ruiz-Herrero, G. Mönke, R.J. Petrie, M. Bergert, A. Diz-510 
Muñoz, L. Mahadevan, T. Hiiragi, Hydraulic control of mammalian embryo size and 511 
cell fate., Nature. 571 (2019) 112–116. https://doi.org/10.1038/s41586-019-1309-x. 512 

[23] J.G. Dumortier, M. Le Verge-Serandour, A.F. Tortorelli, A. Mielke, L. de Plater, H. 513 
Turlier, J.-L. Maître, Hydraulic fracturing and active coarsening position the lumen of 514 
the mouse blastocyst., Science. 365 (2019) 465–468. 515 
https://doi.org/10.1126/science.aaw7709. 516 

[24] J. Zenker, M.D. White, M. Gasnier, Y.D. Álvarez, H.Y.G. Lim, S. Bissiere, M. Biro, N. 517 
Plachta, Expanding Actin Rings Zipper the Mouse Embryo for Blastocyst Formation, 518 
Cell. (2018) 1–34. https://doi.org/10.1016/j.cell.2018.02.035. 519 

[25] H. Honda, N. Motosugi, T. Nagai, M. Tanemura, T. Hiiragi, Computer simulation of 520 
emerging asymmetry in the mouse blastocyst., Development (Cambridge, England). 521 
135 (2008) 1407–1414. https://doi.org/10.1242/dev.014555. 522 

[26] Y. Kurotaki, K. Hatta, K. Nakao, Y. Nabeshima, T. Fujimori, Blastocyst axis is 523 
specified independently of early cell lineage but aligns with the ZP shape., Science. 316 524 
(2007) 719–723. https://doi.org/10.1126/science.1138591. 525 

[27] C. Chazaud, Y. Yamanaka, Lineage specification in the mouse preimplantation 526 
embryo, Development (Cambridge, England). 143 (2016) 1063–1074. 527 
https://doi.org/10.1242/dev.128314. 528 

[28] A. Deglincerti, G.F. Croft, L.N. Pietila, M. Zernicka-Goetz, E.D. Siggia, A.H. 529 
Brivanlou, Self-organization of the in vitro attached human embryo, Nature. 533 (2016) 530 
251–254. https://doi.org/10.1038/nature17948. 531 



[29] M.N. Shahbazi, A. Jedrusik, S. Vuoristo, G. Recher, A. Hupalowska, V. Bolton, 532 
N.M.E. Fogarty, A. Campbell, L.G. Devito, D. Ilic, Y. Khalaf, K.K. Niakan, S. Fishel, 533 
M. Zernicka-Goetz, Self-organization of the human embryo in the absence of maternal 534 
tissues, Nature Cell Biology. 18 (2016) 700–708. https://doi.org/10.1038/ncb3347. 535 

[30] C.S. Simon, S. Rahman, D. Raina, C. Schröter, A.-K. Hadjantonakis, Live 536 
Visualization of ERK Activity in the Mouse Blastocyst Reveals Lineage-Specific 537 
Signaling Dynamics, Developmental Cell. 55 (2020) 341-353.e5. 538 
https://doi.org/10.1016/j.devcel.2020.09.030. 539 

[31] D. Meistermann, S. Loubersac, A. Reignier, J. Firmin, V.F. Campion, S. Kilens, Y. 540 
Lelièvre, J. Lammers, M. Feyeux, P. Hulin, S. Nedellec, B. Bretin, S. Covin, G. Castel, 541 
A. Bihouée, M. Soumillon, T. Mikkelsen, P. Barrière, J. Bourdon, T. Fréour, L. David, 542 
Spatio-temporal analysis of human preimplantation development reveals dynamics of 543 
epiblast and trophectoderm, Cell Biology, 2019. https://doi.org/10.1101/604751. 544 

[32] L. Xiang, Y. Yin, Y. Zheng, Y. Ma, Y. Li, Z. Zhao, J. Guo, Z. Ai, Y. Niu, K. Duan, J. 545 
He, S. Ren, D. Wu, Y. Bai, Z. Shang, X. Dai, W. Ji, T. Li, A developmental landscape 546 
of 3D-cultured human pre-gastrulation embryos, Nature. 577 (2020) 537–542. 547 
https://doi.org/10.1038/s41586-019-1875-y. 548 

[33] A. Aberkane, W. Essahib, C. Spits, C. De Paepe, K. Sermon, T. Adriaenssens, S. 549 
Mackens, H. Tournaye, J.J. Brosens, H. Van de Velde, Expression of adhesion and 550 
extracellular matrix genes in human blastocysts upon attachment in a 2D co-culture 551 
system, MHR: Basic Science of Reproductive Medicine. (2018). 552 
https://doi.org/10.1093/molehr/gay024. 553 

[34] S. Lindenberg, 1 Ultrastructure in human implantation: Transmission and scanning 554 
electron microscopy, Baillière’s Clinical Obstetrics and Gynaecology. 5 (1991) 1–14. 555 
https://doi.org/10.1016/S0950-3552(05)80067-7. 556 

[35] Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of 557 
Embryology, B. Balaban, D. Brison, G. Calderon, J. Catt, J. Conaghan, L. Cowan, T. 558 
Ebner, D. Gardner, T. Hardarson, K. Lundin, M. Cristina Magli, D. Mortimer, S. 559 
Mortimer, S. Munne, D. Royere, L. Scott, J. Smitz, A. Thornhill, J. van Blerkom, E. 560 
Van den Abbeel, The Istanbul consensus workshop on embryo assessment: proceedings 561 
of an expert meeting, Human Reproduction. 26 (2011) 1270–1283. 562 
https://doi.org/10.1093/humrep/deg489. 563 

[36] D.K. Gardner, M. Lane, J. Stevens, T. Schlenker, W.B. Schoolcraft, Blastocyst score 564 
affects implantation and pregnancy outcome: towards a single blastocyst transfer, 565 
Fertility and Sterility. 73 (2000) 1155–1158. https://doi.org/10.1016/S0015-566 
0282(00)00518-5. 567 

[37] Q.-Y. Du, E.-Y. Wang, Y. Huang, X.-Y. Guo, Y.-J. Xiong, Y.-P. Yu, G.-D. Yao, S.-L. 568 
Shi, Y.-P. Sun, Blastocoele expansion degree predicts live birth after single blastocyst 569 
transfer for fresh and vitrified/warmed single blastocyst transfer cycles, Fertility and 570 
Sterility. 105 (2016) 910-919.e1. https://doi.org/10.1016/j.fertnstert.2015.12.014. 571 

[38] D. Feil, R.C. Henshaw, M. Lane, Day 4 embryo selection is equal to Day 5 using a new 572 
embryo scoring system validated in single embryo transfers, Human Reproduction. 23 573 
(2008) 1505–1510. https://doi.org/10.1093/humrep/dem419. 574 

[39] C. Lagalla, M. Barberi, G. Orlando, R. Sciajno, M.A. Bonu, A. Borini, A quantitative 575 
approach to blastocyst quality evaluation: morphometric analysis and related IVF 576 
outcomes, J Assist Reprod Genet. 32 (2015) 705–712. https://doi.org/10.1007/s10815-577 
015-0469-3. 578 

[40] C.L. Bormann, M.K. Kanakasabapathy, P. Thirumalaraju, R. Gupta, R. Pooniwala, H. 579 
Kandula, E. Hariton, I. Souter, I. Dimitriadis, L.B. Ramirez, C.L. Curchoe, J. Swain, 580 
L.M. Boehnlein, H. Shafiee, Performance of a deep learning based neural network in 581 



the selection of human blastocysts for implantation, ELife. 9 (2020) e55301. 582 
https://doi.org/10.7554/eLife.55301. 583 

[41] Y. Kan-Tor, N. Zabari, I. Erlich, A. Szeskin, T. Amitai, D. Richter, Y. Or, Z. Shoham, 584 
A. Hurwitz, I. Har-Vardi, M. Gavish, A. Ben-Meir, A. Buxboim, Automated 585 
Evaluation of Human Embryo Blastulation and Implantation Potential using Deep-586 
Learning, Advanced Intelligent Systems. 2 (2020) 2000080. 587 
https://doi.org/10.1002/aisy.202000080. 588 

[42] P. Khosravi, E. Kazemi, Q. Zhan, J.E. Malmsten, M. Toschi, P. Zisimopoulos, A. 589 
Sigaras, S. Lavery, L.A.D. Cooper, C. Hickman, M. Meseguer, Z. Rosenwaks, O. 590 
Elemento, N. Zaninovic, I. Hajirasouliha, Deep learning enables robust assessment and 591 
selection of human blastocysts after in vitro fertilization, Npj Digit. Med. 2 (2019) 21. 592 
https://doi.org/10.1038/s41746-019-0096-y. 593 

[43] C. Collinet, T. Lecuit, Programmed and self-organized flow of information during 594 
morphogenesis, Nat Rev Mol Cell Biol. (2021). https://doi.org/10.1038/s41580-020-595 
00318-6. 596 

[44] E. Hannezo, C.-P. Heisenberg, Mechanochemical Feedback Loops in Development and 597 
Disease, Cell. 178 (2019) 12–25. https://doi.org/10.1016/j.cell.2019.05.052. 598 

[45] E.H. Barriga, K. Franze, G. Charras, R. Mayor, Tissue stiffening coordinates 599 
morphogenesis bytriggering collective cell migration in vivo, Nature. (2018) 1–19. 600 
https://doi.org/10.1038/nature25742. 601 

[46] C. Bertet, L. Sulak, T. Lecuit, Myosin-dependent junction remodelling controls planar 602 
cell intercalation and axis elongation, Nature. 429 (2004) 667–671. 603 
https://doi.org/10.1038/nature02590 nature02590 [pii]. 604 

[47] M. Krieg, Y. Arboleda-Estudillo, P. Puech, J. Kafer, F. Graner, D. Muller, C. 605 
Heisenberg, Tensile forces govern germ-layer organization in zebrafish, Nature Cell 606 
Biology. 10 (2008) 429–436. https://doi.org/ncb1705 [pii]10.1038/ncb1705. 607 

[48] E. Munro, J. Nance, J. Priess, Cortical flows powered by asymmetrical contraction 608 
transport PAR proteins to establish and maintain anterior-posterior polarity in the early 609 
C. elegans embryo, Dev Cell. 7 (2004) 413–424. 610 
https://doi.org/10.1016/j.devcel.2004.08.001. 611 

[49] A.G. Clark, O. Wartlick, G. Salbreux, E.K. Paluch, Stresses at the cell surface during 612 
animal cell morphogenesis., Curr Biol. 24 (2014) R484-94. 613 
https://doi.org/10.1016/j.cub.2014.03.059. 614 

[50] M. Kelkar, P. Bohec, G. Charras, Mechanics of the cellular actin cortex: From 615 
signalling to shape change, Current Opinion in Cell Biology. 66 (2020) 69–78. 616 
https://doi.org/10.1016/j.ceb.2020.05.008. 617 

[51] M. Murrell, M. Lenz, M.L. Gardel, Forcing cells into shape: the mechanics of 618 
actomyosin contractility, Nat Rev Mol Cell Biol. 16 (2015) 486–498. 619 
https://doi.org/10.1038/nrm4012. 620 

[52] G. Charras, A.S. Yap, Tensile Forces and Mechanotransduction at Cell–Cell Junctions, 621 
Current Biology. 28 (2018) R445–R457. https://doi.org/10.1016/j.cub.2018.02.003. 622 

[53] P.-F. Lenne, J.-F. Rupprecht, V. Viasnoff, Cell Junction Mechanics beyond the Bounds 623 
of Adhesion and Tension, Developmental Cell. 56 (2021) 202–212. 624 
https://doi.org/10.1016/j.devcel.2020.12.018. 625 

[54] J.-L. Maître, C.-P. Heisenberg, Three Functions of Cadherins in Cell Adhesion, Current 626 
Biology. 23 (2013) R626–R633. https://doi.org/10.1016/j.cub.2013.06.019. 627 

[55] C.J. Chan, T. Hiiragi, Integration of luminal pressure and signalling in tissue self-628 
organization, Development. 147 (2020) dev181297. 629 
https://doi.org/10.1242/dev.181297. 630 



[56] M.F. Schliffka, J.-L. Maître, Stay hydrated: basolateral fluids shaping tissues., Curr 631 
Opin Genet Dev. 57 (2019) 70–77. https://doi.org/10.1016/j.gde.2019.06.015. 632 

[57] L. Cao, A. Yonis, M. Vaghela, E.H. Barriga, P. Chugh, M.B. Smith, J. Maufront, G. 633 
Lavoie, A. Méant, E. Ferber, M. Bovellan, A. Alberts, A. Bertin, R. Mayor, E.K. 634 
Paluch, P.P. Roux, A. Jégou, G. Romet-Lemonne, G. Charras, SPIN90 associates with 635 
mDia1 and the Arp2/3 complex to regulate cortical actin organization, Nat Cell Biol. 636 
22 (2020) 803–814. https://doi.org/10.1038/s41556-020-0531-y. 637 

[58] P. Chugh, A.G. Clark, M.B. Smith, D.A.D. Cassani, K. Dierkes, A. Ragab, P.P. Roux, 638 
G. Charras, G. Salbreux, E.K. Paluch, Actin cortex architecture regulates cell surface 639 
tension, Nature Cell Biology. 19 (2017) 689–697. 640 
https://doi.org/10.1364/AO.41.000685. 641 

[59] M. Bergert, S.D. Chandradoss, R.A. Desai, E. Paluch, Cell mechanics control rapid 642 
transitions between blebs and lamellipodia during migration., Proceedings of the 643 
National Academy of Sciences of the United States of America. 109 (2012) 14434–644 
14439. https://doi.org/10.1073/pnas.1207968109. 645 

[60] G. Charras, C. Hu, M. Coughlin, T. Mitchison, Reassembly of contractile actin cortex 646 
in cell blebs, The Journal of Cell Biology. 175 (2006) 477–490. 647 

[61] O.M. Lancaster, M. Le Berre, A. Dimitracopoulos, D. Bonazzi, E. Zlotek-Zlotkiewicz, 648 
R. Picone, T. Duke, M. Piel, B. Baum, Mitotic rounding alters cell geometry to ensure 649 
efficient bipolar spindle formation., Dev Cell. 25 (2013) 270–283. 650 
https://doi.org/10.1016/j.devcel.2013.03.014. 651 

[62] J. Sedzinski, M. Biro, J.-Y. Tinevez, G. Salbreux, E. Paluch, Polar actomyosin 652 
contractility destabilizes the position of the cytokinetic furrow., Nature. 476 (2011) 653 
462–466. https://doi.org/10.1038/nature10286. 654 

[63] N. Taneja, M.R. Bersi, S.M. Baillargeon, A.M. Fenix, J.A. Cooper, R. Ohi, V. Gama, 655 
W.D. Merryman, D.T. Burnette, Precise Tuning of Cortical Contractility Regulates Cell 656 
Shape during Cytokinesis, Cell Reports. 31 (2020) 107477. 657 
https://doi.org/10.1016/j.celrep.2020.03.041. 658 

[64] Y.-S. Chu, W.A. Thomas, O. Eder, F. Pincet, E. Perez, J.-P. Thiery, S. Dufour, Force 659 
measurements in E-cadherin-mediated cell doublets reveal rapid adhesion strengthened 660 
by actin cytoskeleton remodeling through Rac and Cdc42., The Journal of Cell 661 
Biology. 167 (2004) 1183–1194. https://doi.org/10.1083/jcb.200403043. 662 

[65] A.C. Martin, M. Gelbart, R. Fernandez-Gonzalez, M. Kaschube, E.F. Wieschaus, 663 
Integration of contractile forces during tissue invagination, The Journal of Cell 664 
Biology. 188 (2010) 735–749. https://doi.org/10.1083/jcb.200910099. 665 

[66] W. Engl, B. Arasi, L.L. Yap, J.P. Thiery, V. Viasnoff, Actin dynamics modulate 666 
mechanosensitive immobilization of E-cadherin at adherens junctions, Nature Cell 667 
Biology. 16 (2014) 587–594. https://doi.org/10.1038/ncb2973. 668 

[67] J.-L. Maitre, H. Berthoumieux, S.F.G. Krens, G. Salbreux, F. Julicher, E. Paluch, C.-P. 669 
Heisenberg, Adhesion Functions in Cell Sorting by Mechanically Coupling the 670 
Cortices of Adhering Cells, Science. 338 (2012) 253–256. 671 
https://doi.org/10.1126/science.1225399. 672 

[68] R.E. Stephenson, T. Higashi, I.S. Erofeev, T.R. Arnold, Rho Flares Repair Local Tight 673 
Junction Leaks, Developmental Cell. (2019) 1–21. 674 
https://doi.org/10.1016/j.devcel.2019.01.016. 675 

[69] C. Zihni, K. Matter, Tight junctions: from simple barriersto multifunctional molecular 676 
gates, Nat Rev Mol Cell Biol. 17 (2016) 564–580. https://doi.org/10.1038/nrm.2016.80. 677 

[70] S. Sigurbjörnsdóttir, R. Mathew, M. Leptin, Molecular mechanisms of de novo lumen 678 
formation, Nat Rev Mol Cell Biol. 15 (2014) 665–676. 679 
https://doi.org/10.1038/nrm3871. 680 



[71] H.N. Ciray, A. Campbell, I.E. Agerholm, J. Aguilar, S. Chamayou, M. Esbert, S. 681 
Sayed, Time-Lapse User Group, Proposed guidelines on the nomenclature and 682 
annotation of dynamic human embryo monitoring by a time-lapse user group., Human 683 
Reproduction (Oxford, England). 29 (2014) 2650–2660. 684 
https://doi.org/10.1093/humrep/deu278. 685 

[72] C. Lagalla, N. Tarozzi, R. Sciajno, D. Wells, M. Di Santo, M. Nadalini, V. Distratis, A. 686 
Borini, Embryos with morphokinetic abnormalities may develop into euploid 687 
blastocysts, Reproductive BioMedicine Online. 34 (2017) 137–146. 688 
https://doi.org/10.1016/j.rbmo.2016.11.008. 689 

[73] S.L. Chavez, K.E. Loewke, J. Han, F. Moussavi, P. Colls, S. Munne, B. Behr, R.A. 690 
Reijo Pera, Dynamic blastomere behaviour reflects human embryo ploidy by the four-691 
cell stage, Nat Commun. 3 (2012) 1251. https://doi.org/10.1038/ncomms2249. 692 

[74] E. Ford, C.E. Currie, D.M. Taylor, M. Erent, A.L. Marston, G.M. Hartshorne, A.D. 693 
McAinsh, The First Mitotic Division of the Human Embryo is Highly Error-prone, Cell 694 
Biology, 2020. https://doi.org/10.1101/2020.07.17.208744. 695 

[75] T.H.H. Coorens, T.R.W. Oliver, R. Sanghvi, U. Sovio, E. Cook, R. Vento-Tormo, M. 696 
Haniffa, M.D. Young, R. Rahbari, N. Sebire, P.J. Campbell, D.S. Charnock-Jones, 697 
G.C.S. Smith, S. Behjati, Inherent mosaicism and extensive mutation of human 698 
placentas, Nature. (2021). https://doi.org/10.1038/s41586-021-03345-1. 699 

[76] M.N. Shahbazi, T. Wang, X. Tao, B.A.T. Weatherbee, L. Sun, Y. Zhan, L. Keller, G.D. 700 
Smith, A. Pellicer, R.T. Scott, E. Seli, M. Zernicka-Goetz, Developmental potential of 701 
aneuploid human embryos cultured beyond implantation, Nat Commun. 11 (2020) 702 
3987. https://doi.org/10.1038/s41467-020-17764-7. 703 

[77] T. Hardarson, Human embryos with unevenly sized blastomeres have lower pregnancy 704 
and implantation rates: indications for aneuploidy and multinucleation, Human 705 
Reproduction. 16 (2001) 313–318. https://doi.org/10.1093/humrep/16.2.313. 706 

[78] E.V. Royen, Multinucleation in cleavage stage embryos, Human Reproduction. 18 707 
(2003) 1062–1069. https://doi.org/10.1093/humrep/deg201. 708 

[79] L. Scott, A. Finn, T. O’Leary, S. McLellan, J. Hill, Morphologic parameters of early 709 
cleavage-stage embryos that correlate with fetal development and delivery: prospective 710 
and applied data for increased pregnancy rates, Human Reproduction. 22 (2007) 230–711 
240. https://doi.org/10.1093/humrep/del358. 712 

[80] Y. Liu, V. Chapple, P. Roberts, P. Matson, Prevalence, consequence, and significance 713 
of reverse cleavage by human embryos viewed with the use of the Embryoscope time-714 
lapse video system, Fertility and Sterility. 102 (2014) 1295-1300.e2. 715 
https://doi.org/10.1016/j.fertnstert.2014.07.1235. 716 

[81] B. Mierzwa, D.W. Gerlich, Cytokinetic Abscission: Molecular Mechanisms and 717 
Temporal Control, Developmental Cell. 31 (2014) 525–538. 718 
https://doi.org/10.1016/j.devcel.2014.11.006. 719 

[82] I. Rubio, R. Kuhlmann, I. Agerholm, J. Kirk, J. Herrero, M.-J. Escribá, J. Bellver, M. 720 
Meseguer, Limited implantation success of direct-cleaved human zygotes: a time-lapse 721 
study, Fertility and Sterility. 98 (2012) 1458–1463. 722 
https://doi.org/10.1016/j.fertnstert.2012.07.1135. 723 

[83] N. Desai, J.M. Goldberg, C. Austin, T. Falcone, Are cleavage anomalies, 724 
multinucleation, or specific cell cycle kinetics observed with time-lapse imaging 725 
predictive of embryo developmental capacity or ploidy?, Fertility and Sterility. 109 726 
(2018) 665–674. https://doi.org/10.1016/j.fertnstert.2017.12.025. 727 

[84] I. Kola, A. Trounson, G. Dawson, P. Rogers, Tripronuclear Human Oocytes: Altered 728 
Cleavage Patterns and Subsequent Karyotypic Analysis of Embryos, Biology of 729 
Reproduction. 37 (1987) 395–401. https://doi.org/10.1095/biolreprod37.2.395. 730 



[85] Q. Zhan, Z. Ye, R. Clarke, Z. Rosenwaks, N. Zaninovic, Direct Unequal Cleavages: 731 
Embryo Developmental Competence, Genetic Constitution and Clinical Outcome, 732 
PLoS ONE. 11 (2016) e0166398. https://doi.org/10.1371/journal.pone.0166398. 733 

[86] I. Halvaei, M.A. Khalili, N. Esfandiari, S. Safari, A.R. Talebi, S. Miglietta, S.A. 734 
Nottola, Ultrastructure of cytoplasmic fragments in human cleavage stage embryos, J 735 
Assist Reprod Genet. 33 (2016) 1677–1684. https://doi.org/10.1007/s10815-016-0806-736 
1. 737 

[87] B.L. Daughtry, J.L. Rosenkrantz, N.H. Lazar, S.S. Fei, N. Redmayne, K.A. Torkenczy, 738 
A. Adey, M. Yan, L. Gao, B. Park, K.A. Nevonen, L. Carbone, S.L. Chavez, Single-739 
cell sequencing of primate preimplantation embryos reveals chromosome elimination 740 
via cellular fragmentation and blastomere exclusion, Genome Res. 29 (2019) 367–382. 741 
https://doi.org/10.1101/gr.239830.118. 742 

[88] P. Eftekhari-Yazdi, M.R. Valojerdi, S.K. Ashtiani, M.B. Eslaminejad, L. Karimian, 743 
Effect of fragment removal on blastocyst formation and quality of human embryos, 744 
Reproductive BioMedicine Online. 13 (2006) 823–832. https://doi.org/10.1016/S1472-745 
6483(10)61031-0. 746 

[89] M.D. Keltz, J.C. Skorupski, K. Bradley, D. Stein, Predictors of embryo fragmentation 747 
and outcome after fragment removal in in vitro fertilization, Fertility and Sterility. 86 748 
(2006) 321–324. https://doi.org/10.1016/j.fertnstert.2006.01.048. 749 

[90] M. Alikani, Epithelial cadherin distribution in abnormal human pre-implantation 750 
embryos., Human Reproduction (Oxford, England). 20 (2005) 3369–3375. 751 
https://doi.org/10.1093/humrep/dei242. 752 

[91] V. Ruprecht, S. Wieser, A. Callan-Jones, M. Smutny, H. Morita, K. Sako, V. Barone, 753 
M. Ritsch-Marte, M. Sixt, R. Voituriez, C.-P. Heisenberg, Cortical Contractility 754 
Triggers a Stochastic Switch to Fast Amoeboid Cell Motility, Cell. 160 (2015) 673–755 
685. https://doi.org/10.1016/j.cell.2015.01.008. 756 

[92] R. Derrick, C. Hickman, O. Oliana, T. Wilkinson, D. Gwinnett, L.B. Whyte, A. Carby, 757 
S. Lavery, Perivitelline threads associated with fragments in human cleavage stage 758 
embryos observed through time-lapse microscopy, Reproductive BioMedicine Online. 759 
35 (2017) 640–645. https://doi.org/10.1016/j.rbmo.2017.08.026. 760 

[93] F. Hyafil, D. Morello, C. Babinet, F. Jacob, A cell surface glycoprotein involved in the 761 
compaction of embryonal carcinoma cells and cleavage stage embryos., Cell. 21 (1980) 762 
927–934. 763 

[94] Y. Shirayoshi, T.S. Okada, M. Takeichi, The calcium-dependent cell-cell adhesion 764 
system regulates inner cell mass formation and cell surface polarization in early mouse 765 
development., Cell. 35 (1983) 631–638. 766 

[95] R.O. Stephenson, Y. Yamanaka, J. Rossant, Disorganized epithelial polarity and excess 767 
trophectoderm cell fate in preimplantation embryos lacking E-cadherin, Development 768 
(Cambridge, England). 137 (2010) 3383–3391. https://doi.org/10.1242/dev.050195. 769 

[96] J.C.M. Dumoulin, M. Bras, E. Coonen, J. Dreesen, J.P.M. Geraedts, J.L.H. Evers, 770 
Effect of Ca2+/Mg2+-free medium on the biopsy procedure for preimplantation genetic 771 
diagnosis and further development of human embryos, Human Reproduction. 13 (1998) 772 
2880–2883. https://doi.org/10.1093/humrep/13.10.2880. 773 

[97] ESHRE PGT Consortium and SIG-Embryology Biopsy Working Group, G. Kokkali, 774 
G. Coticchio, F. Bronet, C. Celebi, D. Cimadomo, V. Goossens, J. Liss, S. Nunes, I. 775 
Sfontouris, N. Vermeulen, E. Zakharova, M. De Rycke, ESHRE PGT Consortium and 776 
SIG Embryology good practice recommendations for polar body and embryo biopsy 777 
for PGT†, Human Reproduction Open. 2020 (2020) hoaa020. 778 
https://doi.org/10.1093/hropen/hoaa020. 779 



[98] E.E. Zakharova, V.V. Zaletova, A.S. Krivokharchenko, Biopsy of Human Morula-780 
Stage Embryos: Outcome of 215 IVF/ICSI Cycles with PGS, PLoS ONE. 9 (2014) 781 
e106433. https://doi.org/10.1371/journal.pone.0106433. 782 

[99] M.S. Steinberg, M. Takeichi, Experimental specification of cell sorting, tissue 783 
spreading, and specific spatial patterning by quantitative differences in cadherin 784 
expression., Proc Natl Acad Sci U S A. 91 (1994) 206–209. 785 

[100] H.H. Yu, M.R. Dohn, N.O. Markham, R.J. Coffey, A.B. Reynolds, p120-catenin 786 
controls contractility along the vertical axis of epithelial lateral membranes, J Cell Sci. 787 
129 (2016) 80–94. https://doi.org/10.1242/jcs.177550. 788 

[101] C. Skiadas, K. Jackson, C. Racowsky, Early compaction on day 3 may be associated 789 
with increased implantation potential, Fertility and Sterility. 86 (2006) 1386–1391. 790 
https://doi.org/10.1016/j.fertnstert.2006.03.051. 791 

[102] M.F. Schliffka, A.-F. Tortorelli, Ö. Özgüç, L. de Plater, O. Polzer, D. Pelzer, J.-L. 792 
Maître, Multiscale analysis of single and double maternal-zygotic Myh9 and Myh10 793 
mutants during mouse preimplantation development, Developmental Biology, 2020. 794 
https://doi.org/10.1101/2020.09.10.291997. 795 

[103] Y. Mizobe, Y. Ezono, M. Tokunaga, N. Oya, R. Iwakiri, N. Yoshida, Y. Sato, N. 796 
Onoue, K. Miyoshi, Selection of human blastocysts with a high implantation potential 797 
based on timely compaction., Journal of Assisted Reproduction and Genetics. 34 798 
(2017) 991–997. https://doi.org/10.1007/s10815-017-0962-y. 799 

[104] C.M. Pauken, D.G. Capco, Regulation of cell adhesion during embryonic compaction 800 
of mammalian embryos: roles for PKC and beta-catenin., Mol Reprod Dev. 54 (1999) 801 
135–144. https://doi.org/10.1002/(SICI)1098-2795(199910)54:2<135::AID-802 
MRD5>3.0.CO;2-A. 803 

[105] G.K. Winkel, J.E. Ferguson, M. Takeichi, R. Nuccitelli, Activation of protein kinase C 804 
triggers premature compaction in the four-cell stage mouse embryo., Developmental 805 
Biology. 138 (1990) 1–15. 806 

[106] M. Zhu, C.Y. Leung, M.N. Shahbazi, M. Zernicka-Goetz, Actomyosin polarisation 807 
through PLC-PKC triggers symmetry breaking of the mouse embryo, Nature 808 
Communications. (2017) 1–16. https://doi.org/10.1038/s41467-017-00977-8. 809 

[107] S. Petropoulos, D. Edsgärd, B. Reinius, Q. Deng, S.P. Panula, S. Codeluppi, A.P. 810 
Reyes, S. Linnarsson, R. Sandberg, F. Lanner, Single-Cell RNA-Seq Reveals Lineage 811 
and X Chromosome Dynamics in Human Preimplantation Embryos, Cell. 165 (2016) 812 
1012–1026. https://doi.org/10.1016/j.cell.2016.03.023. 813 

[108] N.S. Goel, C.F. Doggenweiler, R.L. Thompson, Simulation of cellular compaction and 814 
internalization in mammalian embryo development as driven by minimization of 815 
surface energy., Bulletin of Mathematical Biology. 48 (1986) 167–187. 816 

[109] N. Dard, S. Louvet-Vallée, B. Maro, Orientation of mitotic spindles during the 8- to 16-817 
cell stage transition in mouse embryos., PLoS ONE. 4 (2009) e8171. 818 
https://doi.org/10.1371/journal.pone.0008171. 819 

[110] T. Watanabe, J.S. Biggins, N.B. Tannan, S. Srinivas, Limited predictive value of 820 
blastomere angle of division in trophectoderm and inner cell mass specification, 821 
Development (Cambridge, England). 141 (2014) 2279–2288. 822 
https://doi.org/10.1242/dev.103267. 823 

[111] H.Y.G. Lim, Y.D. Alvarez, M. Gasnier, Y. Wang, P. Tetlak, S. Bissiere, H. Wang, M. 824 
Biro, N. Plachta, Keratins are asymmetrically inherited fate determinants in the 825 
mammalian embryo, Nature. (2020). https://doi.org/10.1038/s41586-020-2647-4. 826 

[112] Y. Hirate, S. Hirahara, K. Inoue, A. Suzuki, V.B. Alarcon, K. Akimoto, T. Hirai, T. 827 
Hara, M. Adachi, K. Chida, S. Ohno, Y. Marikawa, K. Nakao, A. Shimono, H. Sasaki, 828 
Polarity-dependent distribution of angiomotin localizes Hippo signaling in 829 



preimplantation embryos., Curr Biol. 23 (2013) 1181–1194. 830 
https://doi.org/10.1016/j.cub.2013.05.014. 831 

[113] E. Wicklow, S. Blij, T. Frum, Y. Hirate, R.A. Lang, H. Sasaki, A. Ralston, HIPPO 832 
Pathway Members Restrict SOX2 to the Inner Cell Mass Where It Promotes ICM Fates 833 
in the Mouse Blastocyst., PLoS Genetics. 10 (2014) e1004618. 834 
https://doi.org/10.1371/journal.pgen.1004618. 835 

[114] M. Zhu, M.N. Shahbazi, A. Martin, C. Zhang, M. Borsos, R.S. Mandelbaum, R.J. 836 
Paulson, M. Esbert, R.T. Scott, A. Campbell, S. Fishel, V. Gradinaru, H. Zhao, K. Wu, 837 
E. Seli, Mechanism of cell polarisation and first lineage segregation in the human 838 
embryo, BioRxiv. (2020). 839 

[115] D. Clift, W.A. McEwan, L.I. Labzin, V. Konieczny, B. Mogessie, L.C. James, M. 840 
Schuh, A Method for the Acute and Rapid Degradation of Endogenous Proteins, Cell. 841 
171 (2017) 1692-1695.e18. https://doi.org/10.1016/j.cell.2017.10.033. 842 

[116] K. Leonavicius, C. Preece, B. Davies, S. Srinivas, Mechanics of mouse blastocyst 843 
hatching revealed by a hydrogel-based microdeformation assay, Proceedings of the 844 
National Academy of Sciences of the United States of America. 115 (2018) 10375–845 
10380. https://doi.org/10.1016/j.ijnonlinmec.2004.05.006. 846 

[117] L. Casares, R. Vincent, D. Zalvidea, N. Campillo, D. Navajas, M. Arroyo, X. Trepat, 847 
Hydraulic fracture during epithelial stretching, Nature Materials. 14 (2015) 343–351. 848 
https://doi.org/10.1038/nmat4206. 849 

[118] M.R. Ghassemifar, Gene expression regulating epithelial intercellular junction 850 
biogenesis during human blastocyst development in vitro, Molecular Human 851 
Reproduction. 9 (2003) 245–252. https://doi.org/10.1093/molehr/gag033. 852 

[119] R. Gualtieri, L. Santella, B. Dale, Tight junctions and cavitation in the human pre-853 
embryo., Mol Reprod Dev. 32 (1992) 81–87. https://doi.org/10.1002/mrd.1080320113. 854 

[120] F.D. Houghton, P.G. Humpherson, J.A. Hawkhead, C.J. Hall, H.J. Leese, Naϩ, Kϩ, 855 
ATPase activity in the human and bovine preimplantation embryo, Developmental 856 
Biology. (2003) 7. 857 

[121] Y. Xiong, Y.-J. Tan, Y.-M. Xiong, Y.-T. Huang, X.-L. Hu, Y.-C. Lu, Y.-H. Ye, T.-T. 858 
Wang, D. Zhang, F. Jin, H.-F. Huang, J.-Z. Sheng, Expression of Aquaporins in Human 859 
Embryos and Potential Role of AQP3 and AQP7 in Preimplantation Mouse Embryo 860 
Development, Cell Physiol Biochem. 31 (2013) 649–658. 861 
https://doi.org/10.1159/000350084. 862 

[122] T.T. Huang, D.H. Huang, H.J. Ahn, C. Arnett, C.T. Huang, Early blastocyst expansion 863 
in euploid and aneuploid human embryos: evidence for a non-invasive and quantitative 864 
marker for embryo selection, Reproductive BioMedicine Online. 39 (2019) 27–39. 865 
https://doi.org/10.1016/j.rbmo.2019.01.010. 866 

[123] T.H. Taylor, T. Stankewicz, S.L. Katz, J.L. Patrick, L. Johnson, D.K. Griffin, 867 
Preliminary assessment of aneuploidy rates between the polar, mid and mural 868 
trophectoderm, Zygote. 28 (2020) 93–96. https://doi.org/10.1017/S0967199419000637. 869 

[124] M.L. Verge–Serandour, H. Turlier, Physics of blastocoel formation by hydro-osmotic 870 
lumen coarsening, Biophysics, 2020. https://doi.org/10.1101/2020.12.01.406991. 871 

[125] D. Bodri, T. Sugimoto, J. Yao Serna, S. Kawachiya, R. Kato, T. Matsumoto, Blastocyst 872 
collapse is not an independent predictor of reduced live birth: a time-lapse study., 873 
Fertility and Sterility. 105 (2016) 1476-1483.e3. 874 
https://doi.org/10.1016/j.fertnstert.2016.02.014. 875 

[126] J. Marcos, S. Pérez-Albalá, A. Mifsud, M. Molla, J. Landeras, M. Meseguer, Collapse 876 
of blastocysts is strongly related to lower implantation success: a time-lapse study, 877 
Hum. Reprod. 30 (2015) 2501–2508. https://doi.org/10.1093/humrep/dev216. 878 



[127] R. Sciorio, R. Herrer Saura, K.J. Thong, M. Esbert Algam, S.J. Pickering, M. 879 
Meseguer, Blastocyst collapse as an embryo marker of low implantation potential: a 880 
time-lapse multicentre study, Zygote. 28 (2020) 139–147. 881 
https://doi.org/10.1017/S0967199419000819. 882 

[128] L. Noli, A. Capalbo, C. Ogilvie, Y. Khalaf, D. Ilic, Discordant Growth of Monozygotic 883 
Twins Starts at the Blastocyst Stage: A Case Study, Stem Cell Reports. 5 (2015) 946–884 
953. https://doi.org/10.1016/j.stemcr.2015.10.006. 885 

[129] L.Z. Yanez, J. Han, B.B. Behr, R.A.R. Pera, D.B. Camarillo, Human oocyte 886 
developmental potential is predicted by mechanical properties within hours after 887 
fertilization., Nature Communications. 7 (2016) 10809. 888 
https://doi.org/10.1038/ncomms10809. 889 

[130] C. De Geyter, C. Calhaz-Jorge, M.S. Kupka, C. Wyns, E. Mocanu, T. Motrenko, G. 890 
Scaravelli, J. Smeenk, S. Vidakovic, V. Goossens, The European IVF-monitoring 891 
Consortium (EIM) for the European Society of Human Reproduction and Embryology 892 
(ESHRE), O. Gliozheni, E. Hambartsoumian, H. Strohmer, E. Petrovskaya, O. 893 
Tishkevich, K. Bogaerts, C. Wyns, D. Balic, S. Sibincic, I. Antonova, M. Pelekanos, K. 894 
Rezabek, J. Markova, J. Lemmen, D. Sõritsa, M. Gissler, S. Pelkonen, F. Pessione, J. 895 
de Mouzon, A. Tandler—Schneider, S. Kalantaridou, J. Urbancsek, G. Kosztolanyi, H. 896 
Bjorgvinsson, E. Mocanu, J. Cloherty, G. Scaravelli, R. de Luca, V. Lokshin, S. 897 
Karibayeva, V. Magomedova, R. Bausyte, I. Masliukaite, Z. Petanovski, J. Calleja-898 
Agius, V. Moshin, T.M. Simic, D. Vukicevic, J.M.J. Smeenk, L.B. Romundstad, A. 899 
Janicka, C. Calhaz—Jorge, A.R. Laranjeira, I. Rugescu, B. Doroftei, V. Korsak, N. 900 
Radunovic, N. Tabs, I. Virant-Klun, I.C. Saiz, F.P. Mondéjar, C. Bergh, E. Berger-901 
Menz, M. Weder, H. Ryan, R. Baranowski, M. Gryshchenko, ART in Europe, 2015: 902 
results generated from European registries by ESHRE†, Human Reproduction Open. 903 
2020 (2020) hoz038. https://doi.org/10.1093/hropen/hoz038. 904 

[131] K. Guevorkian, Micropipette aspiration: A unique tool for exploring cell and tissue 905 
mechanics in vivo., Methods in Cell Biology. 139 (2017) 187–201. 906 
https://doi.org/10.1016/bs.mcb.2016.11.012. 907 

 908 


