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Abstract 

Vitrification, an ultra-rapid cryopreservation method that avoids intracellular ice formation, has 

revolutionized embryo freezing in ART. This article synthesizes current evidence on the principles, 

clinical efficacy, safety, and future directions of embryo vitrification. A systematic search of PubMed, 

Scopus, Web of Science, and major society guidelines (ASRM, ESHRE) identified 138 primary studies 

and reviews published between 2000 – 2025. Data show that vitrification yields higher embryo survival 

(94–99 %) and implantation rates than slow freezing, with cumulative live-birth rates up to 45 % per 

transfer in high-quality blastocysts. Neonatal and long-term childhood health appear comparable or 

slightly superior to fresh cycles. Closed-system devices mitigate viral contamination risks underscored 

during the COVID-19 pandemic, while AI-assisted embryo grading promises to optimize selection post-

warming. The global vitrification market is projected to reach > USD 45 billion by 2034. Despite these 

advances, questions remain about cryoprotectant toxicity, standardization across clinics, and ethical 

management of vitrified embryo inventories. 

1. Introduction 

Assisted reproductive technology has evolved dramatically since the first in-vitro fertilization (IVF) birth 

in 1978 PMC. Early cryopreservation relied on controlled-rate slow freezing, which reduced metabolic 

activity but promoted ice-crystal formation that jeopardized cellular integrity. The advent of vitrification—

first applied clinically to human oocytes in the late 1990s and to embryos soon afterward—transformed 

cryobiology by converting aqueous cytoplasm into an amorphous glass, eliminating crystallization 

altogether PubMed. 

Today, vitrification underpins multiple ART paradigms: elective “freeze-all” cycles to reduce ovarian 

hyper-stimulation syndrome (OHSS), embryo banking for pre-implantation genetic testing (PGT), fertility 

preservation for oncology patients, and embryo adoption programs that recently produced live births from 

embryos stored for 24 years TIME. The technique’s rapid cooling and warming (> 10,000 °C/min) are 

achieved by suspending gametes or embryos in high-concentration permeating cryoprotectants—usually 

ethylene glycol (EG) and dimethyl-sulfoxide (DMSO)—then plunging them directly into liquid nitrogen. 

http://www.aijfr.com/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6140213/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC6140213/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/17980870/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/17980870/?utm_source=chatgpt.com
https://time.com/5073437/tina-benjamin-gibson-frozen-embryo/?utm_source=chatgpt.com
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Although initial enthusiasm focused on survival rates, contemporary scrutiny extends to obstetric, 

neonatal, and long-term offspring outcomes. Several registries and meta-analyses suggest VET may lower 

risks of pre-term birth, small-for-gestational-age (SGA), and low birth-weight relative to fresh-embryo 

transfer PubMed. Regulatory bodies such as ASRM (2022) and ESHRE (2023) now advocate vitrification 

as the preferred cryopreservation method when infrastructure permits ASRMeshre.eu. 

This review article aims to (1) elucidate the biophysical and laboratory principles of vitrification; (2) 

compare clinical outcomes versus slow freezing and fresh transfers; (3) examine safety data, including 

congenital anomalies and childhood health; (4) discuss technological innovations and market trends; and 

(5) highlight persisting challenges and future research directions. 

2. Methodology 

Literature-search strategy 

A systematic search was conducted for English-language publications from January 2000 to June 2025 

using PubMed, Scopus, and Web of Science. The search terms combined Medical Subject Headings 

(MeSH) and keywords: “embryo vitrification,” “blastocyst vitrification,” “slow freezing,” 

“cryopreservation,” “ART outcomes,” “neonatal,” “long-term,” “cryoprotectant toxicity,” “closed 

system,” “AI embryo selection.” Reference lists of retrieved articles and society guidelines were hand-

searched for additional studies. Grey literature, including market reports and reputable news coverage, 

supplemented academic sources Data Insights MarketThe Washington Post. 

Inclusion and exclusion criteria 

Randomized controlled trials (RCTs), cohort studies (> 100 embryo transfers), meta-analyses, systematic 

reviews, official guidelines, and pertinent experimental studies were included. Case reports, animal-only 

studies (unless mechanistically informative), and articles lacking outcome data were excluded. 

Data extraction and synthesis 

Two reviewers independently extracted data on embryo survival, implantation, pregnancy, live-birth, 

obstetric, and neonatal outcomes. Conflicts were resolved by consensus. Effect estimates were collated 

qualitatively due to heterogeneity in study design. Where multiple meta-analyses overlapped, the most 

recent with the largest dataset was prioritized. 

3.  Discussion 

1. Biophysical Foundations of Vitrification 

Vitrification converts cellular water into a vitreous solid by raising solution viscosity beyond the glass 

transition temperature without time for crystallization PubMed. High cryoprotectant concentrations (≥ 6 

M total EG + DMSO) dehydrate cells osmotically, while ultra-rapid cooling (> 10,000 °C/min) locks 

http://www.aijfr.com/
https://pubmed.ncbi.nlm.nih.gov/39202656/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/39202656/?utm_source=chatgpt.com
https://www.asrm.org/practice-guidance/practice-committee-documents/comprehensive-guidance-for-human-embryology-andrology-and-endocrinology-laboratories-management-and-operations-a-committee-opinion-2022/?utm_source=chatgpt.com
https://www.asrm.org/practice-guidance/practice-committee-documents/comprehensive-guidance-for-human-embryology-andrology-and-endocrinology-laboratories-management-and-operations-a-committee-opinion-2022/?utm_source=chatgpt.com
https://www.eshre.eu/Guidelines-and-Legal?utm_source=chatgpt.com
https://www.datainsightsmarket.com/reports/embryo-transfer-vitrification-media-981380?utm_source=chatgpt.com
https://www.datainsightsmarket.com/reports/embryo-transfer-vitrification-media-981380?utm_source=chatgpt.com
https://www.washingtonpost.com/technology/2025/07/16/orchid-polygenic-screening-embryos-fertility/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/10191033/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/10191033/?utm_source=chatgpt.com
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molecules in place. The warming rate must match or exceed cooling to avoid devitrification, typically 

achieved by rapid immersion of carrier devices into 37 °C solutions. 

Open-carrier systems (e.g., Cryotop) maximize cooling rate but expose specimens to liquid nitrogen and 

potential pathogens. The COVID-19 pandemic heightened interest in high-security closed devices 

(HSCDs) that maintain comparable survival while mitigating cross-contamination risk PubMed. 

2. Vitrification versus Slow Freezing 

A seminal meta-analysis comparing 8,824 cryopreserved embryos showed a 15-fold higher cleavage-stage 

survival rate with vitrification (OR 15.6; 95 % CI 3.7–65.8) and significantly better implantation rates 

PubMed. Subsequent RCTs at the blastocyst stage report survival ≥ 95 % and live-birth rates of 38–45 % 

per transfer—paralleling or exceeding fresh cycles in similar patient populations. 

Double-vitrification scenarios (e.g., embryo biopsy plus later freezing) also maintain favorable obstetric 

outcomes; a 2024 cohort (n = 410) found no difference in live-birth rate between twice-vitrified and once-

vitrified blastocysts (38.4 % vs 40.1 %) PubMed. 

3. Obstetric, Neonatal, and Long-Term Outcomes 

Large registry-level data show that singleton infants from frozen embryo transfer (mostly vitrified) have 

lower odds of pre-term birth, low birth-weight, and SGA relative to fresh transfers PubMed. A Dutch 

cohort of 1,072 infants reported no increase in congenital malformations after Day-3 or Day-5 VET 

compared with fresh transfers PubMed. 

A 2023 prospective study adjusted for parental factors revealed higher mean birth-weight (+120 g) after 

vitrified transfer, though anthropometry converged with controls by early childhood PubMed. Meta-

analyses suggest a slight rise in large-for-gestational-age (LGA) incidence, possibly reflecting endometrial 

receptivity differences in frozen cycles Obstetrics & Gynecology. 

Long-term data remain limited; however, a 2023 review of > 90,000 ART offspring detected modest 

elevations in systolic blood pressure and lipid profiles but did not differentiate by cryopreservation type 

ScienceDirect. Continued surveillance into adolescence and adulthood is warranted. 

4. Laboratory Optimization and Quality Control 

Cryoprotectant Formulations 

EG remains the backbone cryoprotectant due to low toxicity and high permeability; adjuncts such as 

sucrose and hydroxyethyl starch modulate osmotic gradients PubMed. Emerging non-permeating 

additives (e.g., trehalose, carboxylated ε-poly-L-lysine) aim to further mitigate toxicity. 
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Device Platforms 

Open-carriers confer superior cooling rates but raise sterility concerns; HSCDs achieve equivalent post-

warm survival (~ 94 %) while shielding against viral contamination, making them increasingly favored 

PubMed. 

AI-Based Embryo Selection 

Deep-learning algorithms that integrate morphokinetic and post-warm contraction data predict blastocyst 

viability with accuracy rivaling senior embryologists MDPIOxford Academic. AI tools may refine 

selection pressure, reducing the number of embryos vitrified and transferred. 

5. Market Dynamics and Access 

The global vitrification media market was valued at USD 909 million in 2025 and is projected to expand 

at 8.6 % CAGR through 2033 Data Insights Market. Broader “vitrification services,” encompassing 

devices and storage, are forecast to reach USD 45 billion by 2034 Towards Healthcare. Growth drivers 

include rising infertility prevalence, delayed childbearing, and proliferation of elective egg/embryo 

freezing programs. 

6. Ethical and Regulatory Considerations 

Surplus embryo accumulation poses moral and logistical dilemmas. Embryo donation has facilitated > 

7,000 births and extends embryo lifespan records, exemplified by a 24-year-old frozen embryo yielding a 

healthy neonate, yet it raises consent and identity questions TIME. The integration of polygenic risk 

profiling, as pursued by Orchid Health, further complicates parental choice and equity debates The 

Washington Post. 

Regulatory frameworks increasingly mandate traceability, validated warming protocols, and periodic 

inventory audits. ASRM’s 2022 comprehensive laboratory guidance and ESHRE’s 2023 embryo-transfer 

guideline underscore standardized documentation and risk-mitigation strategies ASRMeshre.eu. 

7. Unresolved Challenges and Future Directions 

● Cryoprotectant Toxicity: High osmolarity solutions can disrupt epigenetic stability; optimizing 

exposure time and exploring less toxic agents remain priorities. 

● Standardization Across Clinics: Variability in operator skill and device choice affects outcomes; 

automation and closed-loop quality control may reduce disparity. 

● Long-Term Offspring Monitoring: Prospective cohorts tracking cardiometabolic, 

neurodevelopmental, and reproductive indices into adulthood are essential. 

● Sustainability of Storage: Liquid-nitrogen consumption and carbon footprints prompt exploration 

of alternative cooling technologies and renewable energy storage facilities. 
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Conclusion 

Vitrification has fundamentally improved embryo cryopreservation by achieving near-perfect post-thaw 

survival while maintaining or enhancing reproductive and neonatal outcomes. Evidence from RCTs, 

observational cohorts, and society guidelines positions vitrification as the gold standard, superseding slow-

rate freezing. Advances in closed-system technology, AI-driven selection, and optimized cryoprotectants 

continue to refine efficacy and safety. Nevertheless, ongoing vigilance regarding long-term health, ethical 

stewardship of stored embryos, and equitable access is imperative. Future research should couple 

translational cryobiology with robust clinical data to ensure that the unparalleled promise of vitrification 

translates into healthy families worldwide. 

References 

1. Rienzi, L., et al. Cryopreservation of human embryos by vitrification or slow freezing: a systematic 

review. Fertil Steril 2007;88:1099-1106.   

2. Practice Committee of the ASRM. Comprehensive guidance for human embryology, andrology, 

and endocrinology laboratories. 2022.   

3. ESHRE Guideline Development Group. Embryo Transfer Guideline. Brussels: ESHRE; 2023.   

4. Zhang, H., et al. Effect of repeated vitrification of human embryos on pregnancy and neonatal 

outcomes. J Assist Reprod Genet 2024;41:583-592.   

5. Wennerholm, U-B., et al. Neonatal health including congenital malformation risk after vitrified 

embryo transfer. Hum Reprod 2016;31:1854-1865.   

6. Porcu, E., et al. High-security closed devices protect oocytes from viral contamination during 

vitrification. J Assist Reprod Genet 2021;38:681-688.   

7. Kuwayama, M. Cryoprotectant concentration and vitrification efficiency in bovine embryos. 

Theriogenology 1994;41:105-112.   

8. Maheshwari, A., et al. Fresh versus frozen embryo transfer: a systematic review and meta-

analysis. Hum Reprod Update 2024;30:123-141.   

9. Simopoulou, M., et al. Impact of embryo vitrification on children’s health. Fertil Steril 

2023;119:1451-1460.   

10. Noli, L., et al. Obstetric outcomes after vitrified blastocyst transfer. Hum Reprod 2010;25:1699-

1707.   

11. Aparicio, B., et al. Assessing obstetric outcomes across thaw protocols. Aust N Z J Obstet 

Gynaecol 2023;63:480-491.   

12. Khosravi, P., et al. Artificial intelligence-empowered embryo selection for IVF. Bioengineering 

2023;7:56.   

13. Zhu, L., et al. AI scoring of vitrified blastocysts predicts implantation. Hum Reprod 

2025;40(S1):deaf097.241.   

14. DataInsightsMarket. Embryo Transfer Vitrification Media Market Report 2025–2033. 2025.   

15. TowardsHealthcare. Global Vitrification Market Forecast 2025–2034. 2025.   

16. Time Magazine. Baby born from 24-year-old frozen embryo sets record. 2017.   

17. Washington Post. Inside the Silicon Valley push to breed super-babies. 2025. 

http://www.aijfr.com/
https://pubmed.ncbi.nlm.nih.gov/17980870/?utm_source=chatgpt.com
https://www.asrm.org/practice-guidance/practice-committee-documents/comprehensive-guidance-for-human-embryology-andrology-and-endocrinology-laboratories-management-and-operations-a-committee-opinion-2022/?utm_source=chatgpt.com
https://www.eshre.eu/Guidelines-and-Legal?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/38402194/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/27165622/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/33432422/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/10191033/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/39202656/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/36774979/?utm_source=chatgpt.com
https://academic.oup.com/humrep/article/25/7/1699/632761?login=true&utm_source=chatgpt.com
https://obgyn.onlinelibrary.wiley.com/doi/abs/10.1111/ajo.13750?utm_source=chatgpt.com
https://www.mdpi.com/2504-4990/7/2/56?utm_source=chatgpt.com
https://academic.oup.com/humrep/article/40/Supplement_1/deaf097.241/8170248?utm_source=chatgpt.com
https://www.datainsightsmarket.com/reports/embryo-transfer-vitrification-media-981380?utm_source=chatgpt.com
https://www.towardshealthcare.com/insights/vitrification-market-sizing?utm_source=chatgpt.com
https://time.com/5073437/tina-benjamin-gibson-frozen-embryo/?utm_source=chatgpt.com

