
Post-warming re-expansion and 
contraction dynamics of vitrified 
blastocysts: shrinkage magnitude 
and timing are correlated with 
pregnancy outcome
Laura Conversa, M.Sc., a Carla Gim� enez-Rodríguez, M.Sc., a Lucía Murria, M.Sc., a Lucía Alegre, M.Sc., b 

Ana Cobo, Ph.D., a,b and Marcos Meseguer, Ph.D. a,b

a IVIRMA Global Research Alliance-IVI Foundation, Health Research Institute La Fe, Reproductive Medicine, Valencia, 
Spain; b IVIRMA Global Research Alliance-IVI Valencia, IVF Laboratory, Valencia, Spain

Objective: To analyze the relationship between blastocyst postwarming dynamics, specifically re-expansion and contractions, with 
implantation and live birth (LB) rates and overall embryo viability after vitrification and warming.
Design: Retrospective cohort study.
Setting: University-affiliated private in vitro fertilization center.
Subjects: A total of 846 warmed blastocysts from patients undergoing frozen cycles (February 2022 to May 2024).
Intervention: None.
Main Outcome Measures: Postwarming re-expansion dynamics and contraction types—pre–re-expansion contractions (PRCs) and 
mid–re-expansion contractions (MRCs) (pumping or collapsing)—inner cell mass size, and cytoplasmic strings (CSs) were analyzed for 
their correlation with implantation and LB rates. Additionally, logistic regression models incorporated these variables alongside 
conventional and artificial intelligence (AI)–based embryo quality assessments.
Results: Of the 846 vitrified blastocysts, 97.5% survived warming, of which 95.5% were able to initiate re-expansion. Implantation 
and LB rates were higher (46.8% and 46.9%, respectively) in re-expanded vs. non–re-expanded blastocysts (18.2% for both outcomes). 
Faster re-expansion speed, thinner zona pellucida, larger final blastocyst size, and larger inner cell mass area were positively 
correlated with successful treatment outcomes. Moreover, CSs were identified in 47.4% of embryos and associated with 
implantation (50.5% vs. 43%). The presence of PRCs was associated with higher implantation rates (50% vs. 42.1%). In contrast, 
the presence of collapse (MRC shrinkage, >15%) reduced implantation (from 47.3% to 31.8%) and LB (from 41.5% to 27.3%) rates. 
Pumping (MRC shrinkage, <15%) embryos were more likely to hatch naturally after warming (18.8% vs. 8.7%). Postwarming 
contractions were correlated with embryo morphological quality assessed by embryologists and an image-based AI software. 
Conclusion: Postwarming re-expansion and contraction dynamics are critical indicators of embryo viability and competence. 
Specifically, strong MRCs or collapses negatively affect implantation and LB potential, whereas minor contractions or pumping 
may assist in successful hatching. Faster re-expansion, PRC presence, and CS improve implantation outcome, suggesting a need to 
take these data into account when evaluating warmed embryos and to integrate contraction metrics into AI-assisted embryo 
selection. Thus, enhanced monitoring of these dynamics may guide embryo selection and clinical decision-making, ultimately 
optimizing pregnancy success rates. (Fertil Steril � 2026;125:640–9. �2026 by American Society for Reproductive Medicine.)
El resumen está disponible en Español al final del artículo.
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S ince the first live birth (LB) from a frozen human em-
bryo (1) and the introduction of vitrification (2), em-
bryo cryopreservation has significantly advanced, 

improving the efficiency and success rates of assisted repro-
duction techniques. The widespread adoption of ‘‘freeze-all’’ 
and ‘‘single embryo transfer’’ strategies has contributed to a 
steady increase in vitrified cycle transfers (3).

Vitrification involves exposing the embryo to a highly 
concentrated cryoprotectant solution, replacing most intra-
cellular and blastocoelic water and facilitating a glassy cyto-
solic state when immersed in liquid nitrogen. This process 
causes morphological changes because of blastocoel fluid 
loss. During warming, blastocysts rehydrate while releasing 
cryoprotectants (4) and are typically cultured for 3–5 hours 
to allow re-expansion before transfer (5). This re-
expansion, the recovery of blastocoel volume, likely requires 
trophectoderm (TE) resealing to enable water retention, as 
also observed in porcine blastocysts after warming (6).

The mechanism of re-expansion is comparable to blasto-
coel expansion during fresh embryo development, with TE 
cells pumping sodium ions into the blastocoel, driving os-
motic water influx via aquaporins (7, 8). Tight junctions con-
necting TE cells provide a barrier that allows fluid 
accumulation (9). Therefore, re-expansion reflects mem-
brane permeability and osmotic capacity, both crucial for 
effective vitrification and warming.

Multiple studies confirm that early and extensive re-
expansions are critical indicators of blastocyst viability (5, 
10–16). It is also correlated with implantation potential by 
thinning the zona pellucida (ZP), facilitating hatching and 
endometrial contact.

However, re-expansion does not always occur or some-
times does not follow a linear pattern. Warmed blastocysts 
may undergo spontaneous contractions, which are partial 
or total detachments of the TE from the ZP. Blastocoel 
contraction was first reported in rabbit embryos by Lewis 
and Gregory (17) in 1929. Some studies suggest that weak 
contractions (<20% volume reduction) may promote hatch-
ing, whereas stronger ones (≥20%) inhibit it and reduces im-
plantation potential because of energy imbalance (18, 19). 
Fresh collapses have also been linked to poor embryo quality, 
aneuploidy, and lower LB rates (20–22), although their 
predictive value is debated (23).

Most time-lapse studies on contraction have focused on 
fresh blastocysts, and it is unclear whether the underlying 
cause of this phenomenon is the same for vitrified-warmed 
blastocysts. However, evidence suggests that vitrification 
may increase the frequency of contractions during prehatch-
ing stage (24). These postwarming dynamics can be accu-
rately monitored using time-lapse systems.

Maezawa et al. (25) proved that collapsed blastocysts 
consumed less oxygen than expanded ones; however, this 
did not reflect implantation. Other researchers used time-
lapse to quantify warmed blastocyst morphology, such as 
the initial and final blastocyst area, inner cell mass (ICM) 
size, and presence of collapses, with the latter showing no 
correlation with outcomes, although methodological differ-
ences such as assisted hatching may have influenced results 
(14,15).

Existing studies do not differentiate between contrac-
tions occurring before re-expansion onset and those during 
the process itself. Our previous findings suggest that strong 
mid–re-expansion contractions (MRCs) negatively impact 
embryo viability, as reflected by lower artificial intelligence 
(AI) scores and implantation failure (26). Under these pre-
mises, we hypothesized that both the timing and degree of 
contraction after warming may influence embryo compe-
tence. Here, we retrospectively analyze different parameters 
of postwarming blastocyst dynamics and their relationship 
with survival to vitrification and clinical outcomes in a het-
erogeneous population, aiming to enhance the generaliz-
ability of our results.

MATERIALS AND METHODS
Study design and population

This retrospective analysis included 846 vitrified blastocysts 
warmed between February 2022 and May 2024 at IVI Valen-
cia (Spain). The protocol for this study was approved by the 
Institutional Review Board (code 2111-VLC-104-MM) of the 
clinic. All embryos were incubated in EmbryoScope time-
lapse systems between warming and either transfer (n = 
820), discard because of nonviability (n = 21), or revitrifica-
tion (n = 5). Revitrification was performed when an embryo 
failed to re-expand, warming up another one for transfer, or 
when the transfer was cancelled. Of the 820 embryos trans-
ferred, implantation data were available for 815, and LB 
data were available for 799.

Blastocyst lengths and diameters (Video 1, available on-
line) involved in re-expansion and contractions, ICM

FIGURE 1

Cytoplasmic strings between the inner cell mass and the 
trophectoderm.
Conversa. Contractions of vitrified blastocysts. Fertil Steril 2026.
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diameter, and cytoplasmic strings (CSs) were manually an-
notated using EmbryoViewer drawing tool (Vitrolife, Goth-
enburg, Sweden). Cytoplasmic strings are cytoplasmic 
connections between TE cells and ICM cells during the blas-
tocyst stage (Fig. 1). Re-expansion parameters noted and 
calculated were the following: start/end time (hour); re-
expansion duration (hour); ZP maximum/minimum thick-
ness (μm); initial/final blastocyst size (μm 2 ); blastocyst size 
at the beginning/ending of re-expansion (μm 2 ); ZP thinning 
(μm); re-expansion size (μm 2 ); and speed (μm 2 /h). 

Contractions were analyzed on the basis of their number, 
shrinkage percentage (calculated as [{precontraction 
area− contraction area}/precontraction area] × 100) and 
timing (pre–re-expansion vs. mid–re-expansion). Pre–re-
expansion contraction (PRC) occurred before re-expansion 
onset, whereas MRCs occurred once re-expansion had started 
(Fig. 2).

Artificial intelligence software Embryo Assess (Alife 
Health, San Francisco, California) retrospectively analyzed 
previtrification, first, and final postwarming images to assess 
the relationship between embryo quality, contractions, and 
outcomes. Some images were not scored because of technical 
issues. The algorithm was trained on images of fresh blasto-
cysts on day 5/6/7 before transfer or cryopreservation (27).

Ovarian stimulation and oocyte retrieval

In autologous cycles, ovarian stimulation initiated with go-
nadotropins (follicle-stimulating hormone level, 150–300 
IU/d) within the first 3 days of menstruation. A 
gonadotropin-releasing hormone (GnRH) antagonist was 
administered when a follicle reached 14 mm (28). When fol-
licles reached 17–18 mm, final oocyte maturation was trig-

gered with 0.2 mg of GnRH agonist and/or 250 mcg of 
recombinant hCG (Ovitrelle; Merck Serono, Saint-Aubin, 
Switzerland). In donor cycles, ovarian stimulation was per-
formed using a GnRH agonist (Decapeptyl; Ipsen Pharma, 
Boulogne-Billancourt, France) until at least 8 follicles 
reached approximately 18 mm, and oocyte retrieval was 
scheduled 36 hours later. Recipients underwent endometrial 
preparation via hormone replacement therapy (29). Natural 
cycles were performed according to the routine practice of 
the clinic (30).

Fertilization and embryo culture

Denudation and fertilization via intracytoplasmic sperm in-
jection were performed as in the study by Valera et al. (31). 
Fertilized oocytes were cultured individually in time-lapse 
incubators using single-step medium (Gems; Genea Bio-
medx, Sydney, Australia) and mineral oil (FertiCult; FertiPro, 
Beernem, Belgium). Fertilization was confirmed at 16–19 
hours after intracytoplasmic sperm injection. Senior embry-
ologists assessed blastocysts at days 5 and 6, following the 
Spanish Association for the Study of Reproductive Biology 
(ASEBIR) guidelines (32), on the basis of expansion, ICM 
and TE quality. Embryo selection followed ASEBIR's hierar-
chical classification (categories A, B, and C) and AI scoring 
(33).

Preimplantation genetic testing for aneuploidies

Embryos in the preimplantation genetic testing for aneu-
ploidies (PGT-A) program (n = 140) were taken out of the 
incubator on day 3, and a laser-assisted hole was made in 
the ZP to create a small opening and facilitate hatching.

FIGURE 2

Types of postwarming re-expansion dynamics: re-expansion without contractions (A); pre–re-expansion contraction (PRC) (B); mid–re-expansion 
contraction (MRC) (pumping or collapse) (C); and PRC and MRC (E). Ai = initial blastocyst area; Af = final blastocyst area; A1 = blastocyst area at 
re-expansion beginning; A2 = blastocyst area at re-expansion ending.
Conversa. Contractions of vitrified blastocysts. Fertil Steril 2026.
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On day 5 or 6, 5–8 TE cells opposite the ICM were biopsied 
with a pipette by pulling or flicking (34). Chromosomal anal-
ysis was performed via next-generation sequencing (Thermo 
Fisher Scientific, Waltham, Massachusetts).

Embryo vitrification and transfer

Vitrification and warming were performed using Cryotop 
(Kitazato BioPharma, Fuji, Japan) (35). Warmed embryos 
were cultured in EmbryoScope incubators (37 ◦ C, 5% CO 2 , 
and 5% O 2 ) until transfer, scheduled 3–4 hours later. Em-
bryos showing >50% degeneration without re-expansion af-
ter warming were deemed nonviable (n = 21). Transfers of 
vitrified-warmed embryos took place in modified natural 
or artificial cycles, with luteal support provided by 400 mg 
of vaginal progesterone (Progeffik; Lab. Effik, Meudon, 
France) every 12 hours. Implantation was confirmed by fetal 
heartbeat from the eighth week of pregnancy.

Statistical analysis

Univariate analyses of re-expansion and contraction param-
eters, AI and ASEBIR grades, and covariates (listed in 
Supplemental Table 1, available online) were performed us-
ing the Student t-test, chi-square test, and 1-way analysis 
of variance with post hoc test, as appropriate. Multivariate 
logistic regression analysis with forward procedure was 
applied to relevant variables to control for potential con-
founding factors. Results were considered statistically signif-
icant when P < .05. Area under the receiver operating curve

(AUC-ROC) served to determine the performance of the pre-
dictive parameters. Statistical analyses were conducted using 
IBM Statistical Package for the Social Sciences (SPSS) 25.0 
software (IBM Corp., Armonk, New York).

RESULTS
A total of 846 vitrified blastocysts were warmed, with a sur-
vival rate of 97.5%. The mean postwarming incubation time 
was 3.47 ± 0.84 hours. The positive fetal heartbeat rate was 
46.1% for transferred embryos with known implantation 
data (n = 815), and LB rate was 40.3% (n = 799). Means, 
SDs, ranges, or frequencies for the characteristics of the study 
population are presented in Supplemental Table 1.

Among the clinical variables described, only cycle type 
and day of blastulation were associated with outcomes 
(P< .05), with natural cycles and day 5 blastocysts showing 
higher success rates than day 6 blastocysts. However, em-
bryos from artificial cycles had better morphology, likely re-
flecting the patient profile: often of advanced maternal age 
(suboptimal endometrial conditions) and with donor oocytes. 
Preimplantation genetic testing for aneuploidies was not 
significantly related to clinical outcomes (LB rate of 39.4% 
for non-PGT-A vs. 44.5% for PGT-A, P= .268).

Postwarming re-expansion

Of the 846 warmed blastocysts, 38 (4.5%) did not start re-
expansion after culture. Of the non–re-expanded embryos, 
22 (57.9%) were transferred; however, their clinical success

TABLE 1

Descriptive analysis of re-expansion variables for positive and negative implantation and live birth outcomes.

Variable
Clinical
outcome

Implantation Live birth 

n Mean ± SD P value n Mean ± SD P value

Re-expansion duration (h) - 815 3.14 ± 0.85 .024 799 3.15 ± 0.86 .004
+ 3.00 ± 0.85 2.97 ± 0.84

Maximum thickness of
the ZP (μm)

- 790 14.71 ± 3.93 .003 775 14.61 ± 3.92 .019
+ 13.90 ± 3.70 13.95 ± 3.72

Minimum thickness of
the ZP (μm)

- 784 11.88 ± 4.92 < .001 770 11.73 ± 4.99 .006
+ 10.61 ± 4.92 10.73 ± 4.85

Initial blastocyst size (μm 2 ) - 815 12,339 ± 3,407 .009 799 12,310 ± 3,405 .001
+ 12,993 ± 3,715 13,143 ± 3,816

Final blastocyst size (μm 2 ) - 815 18,963 ± 6,202 < .001 799 19,166 ± 6,237 .001
+ 20,826 ± 5,972 20,698 ± 5,965

Blastocyst size at 
re-expansion
beginning (μm 2 ) 

- 815 11,003 ± 2,284 .026 799 10,989 ± 2,907 .008
+ 11,475 ± 3,147 11,573 ± 3,221

Blastocyst size at 
re-expansion
ending (μm 2 )

- 815 19,411 ± 6,240 < .001 799 19,593 ± 6,271 .003
+ 21,044 ± 6,121 20,932 ± 6,131

ZP thinning (μm) - 784 2.83 ± 3.14 .060 770 2.88 ± 3.19 .188
+ 3.27 ± 3.31 3.19 ± 3.28

Re-expansion size (μm 2 ) - 815 8,408 ± 5,338 .002 799 8,604 ± 5,384 .051
+ 9,557 ± 5,193 9,350 ± 5,173

ZP thinning speed (μm/h) - 784 0.88 ± 1.00 .016 770 0.89 ± 1.01 .049
+ 1.06 ± 1.11 1.05 ± 1.10

Re-expansion speed (μm 2 /h) - 815 2,681 ± 1,575 < .001 799 2,736 ± 1,570 < .001
+ 3,238 ± 1,637 3,209 ± 1,668

Note: ZP = zona pellucida.
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rate was 18.2%, significantly lower than those that re-
expanded (implantation, 46.8% [P= .008]; LB, 40.9% 
[P= .032]). Postwarming incubation time was shorter in blas-
tocysts that resulted in LB (3.36 ± 0.83 vs. 3.57 ± 1.17, 
P= .004). The descriptive data of all re-expansion parameters 
analyzed according to clinical outcomes are collected in 
Table 1. Initial blastocyst size and size at the beginning of 
re-expansion were different when a PRC occurred (48.7% 
of cases), as can be seen in Figure 2. On the other hand, final 
blastocyst size and size at the end of re-expansion were 
different when an MRC occurred right at the end of incuba-
tion (9.7%).

The duration of re-expansion and the maximum and 
minimum thickness of the ZP were lower in blastocysts 
with positive outcomes. On the other hand, initial and final 
blastocyst size, blastocyst size at the beginning and ending 
of re-expansion, re-expansion speed, and ZP thinning speed 
were positively correlated with implantation and LB. Re-
expansion size was also higher in implanted embryos. How-
ever, ZP thinning was not related to either treatment 
outcome (Table 1).

Details of the analysis correlating PGT-A status with 
postwarming re-expansion are provided in Supplemental 
Table 2. None of the analyzed parameters were associated

with clinical outcomes when assessing PGT-A embryos 
separately (all assisted-hatched and confirmed euploid), 
whereas the results for non-PGT-A embryos (not assisted-
hatched and of unknown ploidy status) were similar to those 
observed in the overall population.

Other morphological features: ICM size and CSs

Other morphological variables such as the diameter of the 
ICM and the presence of CS between the mass and the TE 
were also analyzed. The ICM size (μm) was larger in blas-
tocysts that successfully implanted (2,252.75 ± 760.95) 
or gave an LB (2,279.08 ± 781.18) than in those that did 
not (2,113.88 ± 677.08, P= .007; 2,101.90 ± 677.53, 
P= .001). The presence of CS was observed in 47.4% of 
the total population of embryos, and it was related to a 
higher implantation rate (50.5% vs. 43%, P= .033). 

Logistic regression analyses including these two vari-
ables in addition to the re-expansion variables were per-
formed to assess potentially predictive parameters and 
confounding factors. The models identified re-expansion 
speed, ICM area, and CS along with cycle type and day of 
blastulation as the most predictive variables for both clinical 
outcomes, together with re-expansion duration and final

TABLE 2

Results of the multivariate logistic regression analysis of tested parameters for implantation and live birth outcomes in transferred warmed 
embryos.

Variables in the equation

Implantation Live birth

OR a 95% CI OR a 95% CI

Re-expansion
Final blastocyst size — — 1.08 1.02–1.13
Re-expansion size — — 1.15 1.07–1.24
Re-expansion speed 1.24 1.12–1.36 1.44 1.20–1.73
ICM area 1.30 1.06–1.59 1.30 1.05–1.61
Cytoplasmic strings (48.1%) 1.41 1.06–1.90 1.41 1.04–1.92
Type of cycle: natural (27.1%) vs. artificial (72.9%) 1.58 1.14–2.20 1.44 1.03–2.02
Day of blastulation: 5 (83.6%) vs. 6 (16.4%) 1.60 1.06–2.42 1.69 1.08–2.58

Re-expansion and contractions
Final blastocyst size — — 1.08 1.02–1.13
Re-expansion size — — 1.15 1.07–1.24
Blastocyst size at re-expansion beginning 1.06 1.00–1.11 — —
Re-expansion speed 1.21 1.10–1.34 1.44 1.20–1.73
ICM area – – 1.30 1.05–1.61
Cytoplasmic strings (48.1%) 1.50 1.11–2.03 1.41 1.04–1.92
Collapse 1.94 1.07–3.54 – –
Type of cycle: natural (27.1%) vs. artificial (72.9%) 1.59 1.15–2.22 1.44 1.03–2.02
Day of blastulation: 5 (83.6%) vs. 6 (16.4%) — — 1.69 1.08–2.58

Re-expansion, contractions, and morphology
Postwarming ASEBIR
morphology

B (69.0%) vs. C (15.2%) 3.22 2.01–5.17 3.42 2.02–5.78
A (15.9%) vs. C (15.2%) 2.95 1.65–5.27 2.69 1.41–5.13

Last postwarming AI score — — 1.19 1.04–1.36
Re-expansion speed 1.19 1.08–1.32 1.38 1.15–1.65
Re-expansion size — — 1.09 1.03–1.15
ICM area 1.30 1.05–1.59 1.37 1.11–1.69
Cytoplasmic strings (48.1%) 1.41 1.05–1.90 — —
Type of cycle: natural (27.1%) vs. artificial (72.9%) 1.64 1.17–2.29 1.54 1.09–2.17

Note: Each model included the variables listed in each section, discarding the others that were not significant. ASEBIR = Spanish Association for the Study of Reproductive Biology; CI = confidence 
intervals; ICM = inner cell mass; OR = odds ratio.
a ORs computed from stepwise multivariate logistic regression.
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blastocyst size for LB (Table 2). The models’ performance 
achieved AUC-ROC values of 0.623 for implantation and 
0.648 for LB.

Postwarming contractions: PRC, pumping and 
collapse

Of the total population of warmed blastocysts (n = 846), 
64.1% underwent some contraction during postwarming in-
cubation. Contraction before initiating re-expansion (PRC) 
was observed in 48.7% embryos, whereas 20.9% contracted 
midway through re-expansion (MRC) (Video 2).

The implantation rate (n = 815) was significantly higher 
in embryos with PRC (50.0%) than in those without (42.1%, 
P= .024); however, no correlation was found in the shrinkage 
percentage. The presence and number of MRCs were not 
related to outcome; however, their shrinkage percentage 
was significantly lower in blastocysts that implanted 
(12.27% [95% confidence interval, 9.28–15.26]) than in 
those that did not (17.49% [95% confidence interval, 
14.10–20.89], P= .027).

Considering these confidence intervals, we established a 
threshold to differentiate MRCs between weak contractions 
or ‘‘pumping’’ (<15% shrinkage) and strong contractions or 
‘‘collapse’’ (>15% shrinkage). Pumping occurred in 14.4% 
of total blastocysts (n = 846), and collapse occurred in 
8.4%. Pumping embryos had slightly but not significantly 
higher implantation and LB rates (50.0% and 42.5, respec-
tively) than nonpumping ones (45.3% and 39.9%); however, 
the presence of collapse reduced the implantation rate from 
47.3% to 31.8% (P= .016) and the LB rate from 41.5% to 
27.3% (P= .024).

Postwarming incubation time was longer in embryos 
with collapse (4.37 ± 3.05 vs. 3.61 ± 2.54, P= .017); howev-
er, it was not related to pumping.

More PGT-A embryos presented pumping (26.4% vs. 
12.1%, P< .001) and had less incidence of PRC (17.1% vs. 
55.0%, P< .001) compared with non-PGT-A embryos. No 
significant difference between the groups was observed in 
the case of collapse (it is noted that PGT-A embryos with 
collapse were n = 14). Contractions were not associated 
with clinical outcomes among PGT-A embryos, whereas 
non-PGT-A embryos showed results similar to the overall 
population.

Moreover, embryos not artificially hatched before vitrifi-
cation (n = 706) were able to hatch naturally after warming 
more easily if they had pumped (18.8%) than if not (8.7%, 
P = .003). Natural hatching was less likely in collapsed em-
bryos (2.9%) compared with that in noncollapsed ones 
(8.8%), although not significantly.

We conducted logistic regression models as described 
earlier but incorporating the identified significant variables 
related to the presence of PRCs, the shrinkage percentage 
of MRCs, and the occurrence of pumping and collapse. Vari-
ables predictive for implantation were blastocyst size at re-
expansion beginning, re-expansion speed, CS, presence of 
collapse, and type of cycle (area under the curve, 0.641), 
whereas for LB outcome, the same variables as in the previ-

ous section remained predictive, displacing the parameters 
related to contractions out of the model (Table 2).

Correlation between postwarming contractions 
and conventional and AI morphological 
assessments

Previtrification and postvitrification ASEBIR (Supplemental 
Table 3) and AI scores (Supplemental Table 4) were signifi-
cantly correlated with clinical outcomes. Because ASEBIR 
categories A and B were similar, they were pooled and strat-
ified using the global medians of the AI scores, yielding three 
distinct groups (C, A - /B - , and A + /B + ) with significantly 
different clinical outcomes (Supplemental Table 5). 

Pre–re-expansion contraction was more frequent in 
warmed embryos with better previtrification (A, 62.1%; B, 
49.4%; C, 32.6%; P< .001) and postwarming (A, 60.5%; B, 
50.2%; C, 35.6%; D, 17.6%; P< .001) ASEBIR qualities and 
with higher previtrification (n = 694; PRC, 4.30 ± 1.72, vs. 
no PRC, 3.35 ± 1.73; P< .001) and first postwarming (n = 
838; no PRC, 1.66 ± 0.89, vs. PRC, 1.88 ± 0.99; P= .001) 
AI scores.

The AI score was higher when evaluating first postwarm-
ing incubation image in embryos that pumped (0.19 ± 0.12) 
than in those that not (0.17 ± 0.09, P= .035). On the other 
hand, blastocysts that suffered collapse received worse pre-
ASEBIR (A, 5.6%; B, 7.1%; C, 17.1%; P= .001) and post-
ASEBIR (A, 4%; B, 7.4%; C, 15.6%; D, 18.8%; P= .002) clas-
sifications and lower prewarming (collapse, 0.33 ± 0.20, vs. 
no collapse, 0.39 ± 0.18; P= .025) and last postwarming 
(collapse, 0.19 ± 0.12, vs. no collapse, 0.29 ± 0.13; 
P< .001) postwarming AI scores.

When adding the ASEBIR and AI scores to the logistic 
regression analysis, the model identified postwarming ASE-
BIR morphology, re-expansion speed, ICM area, and cycle 
type as the most relevant variables for predicting implanta-
tion and LB (Table 2). Cytoplasmic strings also predicted 
implantation, whereas last postwarming AI score and re-
expansion size were predictive for LB. The models achieved 
AUC-ROC values of 0.647 for implantation and 0.663 for LB.

DISCUSSION
The findings of this study underscore the critical role of blas-
tocyst re-expansion after vitrification and warming in preg-
nancy success. For the first time, we propose new markers of 
blastocyst viability influenced by the vitrification/warming 
process.

Our results demonstrate that a small percentage of blas-
tocysts (4.5%) fail to initiate re-expansion after culture and 
that these embryos had significantly lower LB rate (18.2%) 
than those that did re-expand (40.9%). This study agrees 
with previous research on the association between re-
expansion dynamics and clinical outcomes, suggesting that 
faster re-expansion and a thinner ZP enhance the likelihood 
of successful implantation (6,10–16). However, ZP thinning 
itself does not directly predict treatment outcomes, 
potentially because many embryos collapse during 
vitrification, resulting in an already thinned ZP at the
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beginning of re-expansion because these embryos were 
expanded before vitrification.

Conversely, ICM size was positively correlated with 
success in pregnancy, consistent with findings of other 
studies (36–38). Although estimating ICM size from a 2-
dimensional image represents a limitation, it serves as a 
close proxy for assessing its true volume. Cytoplasmic 
strings have recently been identified because they are a dy-
namic structure and could only be detected when embry-
onic development began to be recorded in time-lapse 
systems. Their function could be cellular communication 
between the ICM and TE through nutrient and signal trans-
port (39). Joo et al. (39) and Ma et al. (40) reported CS in 
81.20% and 79.08% of fresh blastocysts, respectively, 
whereas our study in vitrified-warmed embryos detected 
them in 47.4% of the total blastocysts. This lower percent-
age may be attributed to the inclusion of nonviable and 
non–re-expanded blastocysts, where CS identification was 
not possible. The presence of CS between ICM and TE was 
associated with implantation (P< .05), aligning with previ-
ous studies that identified CS as positive predictors of clin-
ical pregnancy and LB (39, 40).

When an embryo is warmed, it may initially undergo a 
PRC. This shrinkage is a physiological response because of 
the widening of intercellular spaces between TE cells (5, 9). 
Trophectoderm cells are flaccid and pliable before this initial 
contraction, and as they reseal and start absorbing water, 
they become turgid, and re-expansion begins. On the basis 
of our results, the presence of PRC has been significantly 
associated with higher implantation rate (P< .05), suggesting 
that it may represent an attempt to release cryoprotectants 
before recovery of physiological cytoplasmic composition. 

The lack of standardized definitions for ‘‘pumping’’ and 
‘‘collapse,’’ and the distinction between them, complicates 
cross-study comparisons and renders them imprecise and 
inconclusive. Although many investigators define collapse 
as a separation of TE from ZP (19, 20, 22), this may not accu-
rately measure the magnitude of shrinkage. Moreover, time-
lapse systems, which do not permit manual embryo rotation, 
introduce variability because of the fixed perspective of the 
observer and the collapsed embryo within the ZP. Other 
studies define collapse as a ≥50% reduction in volume, 
yet the clinical impact of contractions <50% remains under-
explored (41). To better assess embryo quality, it is necessary 
to establish a clinically relevant threshold for volume reduc-
tion, which may differ between fresh and vitrified-warmed 
embryos. In our study, we defined the threshold between 
pumping and collapse as a 15% reduction in blastocyst vol-
ume, on the basis of confidence intervals for implanted and 
nonimplanted embryos. Niimura et al. (18) set a similar limit 
at 20%.

Our analysis of MRCs found that only strong contrac-
tions (>15% shrinkage) were correlated with reduced im-
plantation and LB potential (P< .05). These collapses may 
indicate incomplete resealing of intercellular spaces, leading 
to re-expansion difficulties and implantation failure. In 
contrast, pumping or contractions <15% during re-
expansion are likely normal and facilitate hatching, as 
observed in this and other studies (18).

The PGT-A/non–PGT-A variable showed no correlation 
with implantation or LB outcomes; however, we aimed to 
clarify any potential impact on postwarming dynamics 
because all PGT-A-tested embryos were assisted-hatched 
and euploid. These blastocysts showed higher ZP thickness, 
re-expansion size, and speed, likely because the ZP was 
breached and no longer exerted compressive pressure, allow-
ing the TE to expand more freely and rapidly. The presence of 
pumping was also more frequent in PGT-A blastocysts, 
possibly because of the euploid status of these embryos or 
because of assisted hatching. Future research should focus 
on investigating aneuploid embryos using time-lapse sys-
tems after vitrification to determine whether pumping is 
associated with zona breakage (if ploidy is not related to 
pumping) or if it is correlated with euploid status, potentially 
facilitating hatching. Conversely, we found a significant 
negative correlation of PGT-A with PRC and initial and re-
expansion beginning blastocyst sizes, possibly because 
direct exposure of the TE to cryoprotectants leads to more 
complete shrinkage during vitrification, so PGT-A blasto-
cysts are already shrunken when warmed. None of the post-
warming variables were related to clinical outcomes when 
analyzing PGT-A embryos solely, perhaps because of the 
low sample size (n = 140).

According to our results, the optimal postwarming incu-
bation time to allow proper re-expansion could be 3 hours, 
not exceeding 3.5 hours, as lower LB rates and increased 
collapse have been observed at longer times.

Current conventional and AI-based embryo assessments 
have been correlated with postwarming blastocyst contrac-
tions, so their deeper understanding could enhance embryo 
selection. Our findings suggest that AI refines selection by 
distinguishing subgroups within different good-quality 
ASEBIR categories (A and B), providing additional discrimi-
natory power for predicting outcomes. Training AI models 
specifically on postwarming images and integrating contrac-
tion detection into AI algorithms may improve the accuracy 
of pregnancy predictions in frozen cycles.

This study has some potential limitations, such as missing 
data on blastocysts with unknown clinical outcomes or low-
quality images, low sample size of events such as collapse, 
generalizability, and unmeasured confounding factors. 

Identifying new markers of blastocyst viability after 
warming enables better evaluation of how changes in vitrifi-
cation and warming protocols impact survival. Specifically, 
this knowledge can help assess the effects of ultrafast vitrifi-
cation and warming, guiding protocol refinements or culture 
adjustments to minimize adverse outcomes and enhance 
clinical success.

CONCLUSION
Understanding postvitrification warming contractions is 
essential for embryologists in assessing embryo viability. 
Specifically, collapses negatively affect implantation and 
LB potential, whereas pumping facilitates hatching. Faster 
re-expansion, PRC presence, and CS improve implantation 
outcome. Monitoring of these dynamics may assist in

646 VOL. 125 NO. 4 / APRIL 2026

ORIGINAL ARTICLE: ASSISTED REPRODUCTION

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en abril 10, 2026. 
Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.



determining whether an additional embryo should be 
warmed, ultimately improving the chances of achieving an 
LB.
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Din�amica de reexpansi �on y contracci �on despu�es del calentamiento de blastocistos vitrificados: la magnitud y el momento de la contra-
cci� on est �an correlacionados con el resultado del embarazo.

Objetivo: Analizar la relaci� on entre la din�amica de los blastocistos despu�es del calentamiento, específicamente la re-expansi� on y las 
contracciones, con las tasas de implantaci� on y de nacimiento vivo (LB), así como con la viabilidad embrionaria global tras la vitri-
ficaci� on y el calentamiento.

Dise ~no: Estudio de cohorte retrospectivo.

Entorno: Centro privado de fertilizaci� on in vitro afiliado a una universidad.

Sujetos: Un total de 846 blastocistos calentados procedentes de pacientes sometidas a ciclos con embriones congelados (febrero de 
2022 a mayo de 2024).

Intervenci �on: Ninguna.

Medidas principales de resultado: Se analizaron las din�amicas de re-expansi� on tras el calentamiento y los tipos de contracci� on
—contracciones previas a la re-expansi� on (PRCs) y contracciones durante la re-expansi� on (MRCs) (tipo ‘‘pumping’’ o colapso)—, el tam-
a~ no de la masa celular interna y las cuerdas citoplasm�aticas (CSs), evaluando su correlaci� on con las tasas de implantaci� on y de nacido 
vivo. Adem�as, los modelos de regresi� on logística incorporaron estas variables junto con evaluaciones convencionales de la calidad 
embrionaria y evaluaciones basadas en inteligencia artificial (AI).

Resultados: De los 846 blastocistos vitrificados, el 97,5% sobrevivi� o al calentamiento, de los cuales el 95,5% pudo iniciar la re-ex-
pansi� on. Las tasas de implantaci� on y de nacido vivo fueron mayores (46,8% y 46,9%, respectivamente) en los blastocistos que se re-
expandieron frente a los que no lo hicieron (18,2% para ambos resultados).
Una mayor velocidad de re-expansi� on, una zona pel� ucida m�as delgada, un mayor tama~ no final del blastocisto y una mayor �area de la
masa celular interna se correlacionaron positivamente con el �exito del tratamiento.
Adem�as, se identificaron CSs en el 47,4% de los embriones, asoci�andose con una mayor tasa de implantaci�on (50,5% frente a 43%). La
presencia de PRCs se asoci� o con tasas de implantaci� onm�as altas (50% frente a 42,1%). En cambio, la presencia de colapso (contracci� on
MRC con reducci� on >15%) redujo las tasas de implantaci� on (de 47,3% a 31,8%) y de nacimiento vivo (de 41,5% a 27,3%).
Los embriones con pumping (contracci� onMRC con reducci� on<15%) tuvieron mayor probabilidad de eclosionar de forma natural tras 
el calentamiento (18,8% frente a 8,7%). Las contracciones tras el calentamiento se correlacionaron con la calidad morfol� ogica embrio-
naria evaluada tanto por embri� ologos como por un software de IA basado en im�agenes.

Conclusi�on: La din�amica de re-expansi� on y contracci� on tras el calentamiento constituye un indicador crítico de la viabilidad y com-
petencia embrionaria. En particular, las MRCs intensas o colapsos afectan negativamente al potencial de implantaci� on y de nacimiento 
vivo, mientras que contracciones leves o el fen� omeno de pumping pueden favorecer una eclosi� on exitosa.
Una re-expansi� on m�as r�apida, la presencia de PRC y la presencia de cuerdas citoplasm�aticas (CS) mejoran el resultado de im-
plantaci� on, lo que sugiere la necesidad de tener en cuenta estos par�ametros al evaluar embriones calentados e integrar las m�etricas 
de contracci� on en los sistemas de selecci� on embrionaria asistidos por inteligencia artificial (IA).
Por lo tanto, un seguimiento m�as detallado de estas din�amicas podría orientar la selecci�on embrionaria y la toma de decisiones clíni-
cas, optimizando las tasas de �exito del embarazo.
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