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Abstract 

Background: Embryo selection and culture conditions are critical determinants of 

success in assisted reproductive technology (ART). Despite advances, implantation 

and live birth rates following in vitro fertilization (IVF) remain suboptimal. This sys-

tematic review evaluated the effects of embryo culture media (sequential versus sin-

gle-step), time-lapse monitoring (TLM), and artificial intelligence (AI)-based em-

bryo selection on IVF outcomes. 

Methods: This systematic review followed PRISMA guidelines. PubMed, Scopus, 

and Web of Science were searched through June 2025. Twenty-nine studies involv-

ing over 18,500 IVF/intracytoplasmic sperm injection (ICSI) cycles were included. 

Methodological quality was assessed using RoB2, the Newcastle–Ottawa Scale, and 

CLAIM according to study design. Outcomes related to culture media, TLM-derived 

morphokinetics, and AI-based embryo assessment were synthesized narratively. 

Results: Sequential and single-step culture media produced comparable clinical out-

comes, although single-step media showed a modest increase in blastocyst formation 

(57.1% vs. 53.2%; p=0.03). No significant differences were observed in clinical 

pregnancy or live birth rates. TLM was associated with higher ongoing pregnancy 

rates in descriptive analyses (45.1% vs. 34.8%; p<0.01) and reduced early pregnancy 

loss. AI-based embryo selection demonstrated strong predictive performance (AUC 

0.76–0.91), although clinical validation varied across algorithms, indicating differ-

ences in predictive accuracy rather than consistent improvements in clinical out-

comes. 
Conclusion: Culture media selection appears to have limited influence on clinical 

outcomes, whereas TLM and AI-assisted embryo selection show promise for im-

proving embryo assessment. Integration of validated AI-driven TLM systems into 

IVF practice may enhance embryo selection efficiency. Further large, prospective 

studies are needed to establish standardized clinical protocols.  
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Introduction 
uccessful outcomes in assisted reproductive 

technology (ART) depend on the ability to 

accurately identify embryos with the highest  
 

 

 

 
implantation potential while maintaining optimal 

culture conditions throughout preimplantation de-

velopment. Despite substantial technological ad- 
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vancements, clinical pregnancy and live birth 

rates in in vitro fertilization (IVF) cycles rarely 

exceed 45–50%, highlighting the persistent limita-

tions of current embryo assessment strategies (1, 

2). Inadequate culture environments and subopti-

mal embryo selection methods may compromise 

developmental competence through metabolic 

stress, altered gene expression, and epigenetic 

modifications (2-4). Embryo culture systems play 

a critical role in early embryonic development. 

Two principal approaches are widely used in clin-

ical practice: sequential media and single-step 

media. Sequential culture systems are designed to 

mimic the dynamic biochemical environment of 

the female reproductive tract by adjusting nutrient 

composition according to embryonic developmen-

tal stage (1). In contrast, single-step media pro-

vide a constant nutrient milieu throughout devel-

opment, reducing embryo handling and exposure 

to environmental fluctuations (1). Although theo-

retical advantages exist for both approaches, clini-

cal studies and meta-analyses have reported large-

ly comparable outcomes in terms of implantation, 

clinical pregnancy, and live birth rates, suggesting 

that media type alone may not be the primary de-

terminant of IVF success. Traditional embryo se-

lection relies predominantly on static morphologi-

cal assessment at predefined time points. This ap-

proach is inherently subjective and demonstrates 

limited predictive value for implantation and live 

birth, with substantial inter- and intra-observer 

variability among embryologists (5, 6). To over-

come these limitations, time-lapse monitoring 

(TLM) systems were introduced, enabling contin-

uous, non-invasive observation of embryo devel-

opment under stable incubation conditions. TLM 

allows detailed analysis of morphokinetic parame-

ters such as cleavage timing, synchronization of 

cell divisions, and blastulation dynamics, which 

have been associated with embryo viability and 

implantation potential (5-7). Importantly, TLM 

also minimizes disturbances in temperature, pH, 

and gas composition, factors increasingly recog-

nized as critical for maintaining embryo develop-

mental competence. In recent years, artificial in-

telligence (AI) has emerged as a transformative 

tool in embryo assessment. Machine learning and 

deep learning algorithms can process large vol-

umes of time-lapse images and clinical data to 

identify complex, non-linear patterns beyond hu-

man perception (8-10). AI-based embryo selection 

systems, including iDAScore and KIDScore, have 

demonstrated superior predictive accuracy for 

clinical pregnancy and live birth compared with 

conventional morphological evaluation, with re-

ported area under the curve (AUC) values ranging 

from 0.76 to above 0.90 in validated models (9, 

11). Furthermore, AI-assisted approaches have 

shown promise in predicting chromosomal status 

and reducing inter-observer variability, supporting 

their role as objective decision-support tools in 

IVF laboratories (12-14). Despite the growing 

literature on these individual components, a criti-

cal research gap persists regarding how culture 

media environments interact with advanced digital 

assessment tools. Most existing reviews analyze 

culture systems, TLM hardware, or AI computa-

tional frameworks in isolation, failing to assess 

their cumulative, compounding impact on labora-

tory efficiency and clinical success. Furthermore, 

there is an urgent need to critically disentangle 

whether reported improvements in reproductive 

outcomes are genuinely driven by the predictive 

superiority of algorithmic models or are second-

ary benefits of environmental stability achieved 

via undisturbed continuous incubation systems (5, 

9, 15). Therefore, a comprehensive synthesis of 

contemporary evidence is required to clarify the 

roles of culture media, time-lapse monitoring, and 

artificial intelligence in modern IVF practice. The 

present systematic review aims to evaluate and 

integrate evidence from randomized controlled 

trials, prospective cohort studies, and validated 

AI-based investigations published between 2016 

and 2025. Specifically, this review examines (i) 

the clinical impact of sequential versus single-step 

embryo culture media; (ii) the effect of time-lapse 

monitoring on morphokinetic assessment and IVF 

outcomes; and (iii) the added value of artificial 

intelligence in embryo selection with respect to 

implantation, clinical pregnancy, and live birth 

rates. By consolidating current data, this review 

seeks to provide clinically relevant guidance for 

evidence-based implementation of emerging tech-

nologies in assisted reproduction. 
 

Methods 
Study design and reporting framework: This study 

was conducted as a systematic review of the liter-

ature in accordance with the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses 

(PRISMA) guidelines. An a priori research proto-

col was developed and approved internally by the 

institutional review board to define search param-

eters, eligibility criteria, and analysis methodolo-

gies before data collection. This protocol was not 
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formally registered in the PROSPERO database 

because the review incorporates substantial diag-

nostic accuracy data, computational algorithm de-

velopment parameters, and technical validation 

guidelines (such as CLAIM and TRIPOD-AI met-

rics) that fall outside the typical clinical domain of 

PROSPERO registry frameworks. A completed 

PRISMA checklist has been provided as sup- 

plementary material 1. 
 

Literature search strategy: A comprehensive liter-

ature search was performed across three electronic 

databases: PubMed (MEDLINE), Scopus, and 

Web of Science. The final search was conducted 

on June 15, 2025, and encompassed peer-re-

viewed studies published between January 2016 

and June 2025. The fully reproducible search 

string, incorporating appropriate Boolean opera-

tors and filters, was structured as follows: for 

PubMed/MEDLINE  (((("embryo culture media" 

[MeSH Terms] OR "culture media" [All Fields]) 

AND ("sequential" [All Fields] OR "single-step" 

[All Fields] OR "one-step" [All Fields])) OR 

(("time-lapse imaging" [MeSH Terms] OR "time-

lapse monitoring" [All Fields] OR "morphokinet-

ics" [All Fields]) AND ("artificial intelligence" 

[MeSH Terms] OR "machine learning" [All 

Fields] OR "deep learning" [All Fields] OR "com-

puter-assisted embryo selection" [All Fields]))) 

AND ("fertilization in vitro" [MeSH Terms] OR 

"In Vitro Fertilization" [All Fields] OR "IVF" [All 

Fields] OR "ICSI" [All Fields])), with filters ap-

plied for humans, English, and publication date 

from 2016/01/01 to 2025/06/15; for Scopus and 

Web of Science  (((("embryo culture media" OR 

"sequential media" OR "single-step media") OR 

("time-lapse" OR "morphokinetics")) AND ("arti-

ficial intelligence" OR "machine learning" OR 

"deep learning") AND ("IVF" OR "ICSI" OR "in 

vitro fertilization"))), refined by language (Eng-

lish), document type (article), and publication 

years (2016–2025).The reference lists of all eligi-

ble studies and relevant review articles were man-

ually screened to identify additional publications. 
 

Eligibility criteria: Studies were included if they 

involved human IVF or intracytoplasmic sperm 

injection (ICSI) cycles with embryo culture to the 

cleavage or blastocyst stage, compared sequential 

and/or single-step culture media, and/or incorpo-

rated time-lapse monitoring systems and AI-based 

embryo assessment algorithms. Eligible studies 

were required to report at least one developmental 

or clinical outcome, including fertilization rate, 

blastocyst formation, implantation rate, clinical 

pregnancy rate, ongoing pregnancy, miscarriage, 

or live birth rate. Randomized controlled trials, 

prospective or retrospective cohort studies, and AI 

development or validation studies with clinically 

relevant endpoints were considered. 

Studies were excluded if they were conducted 

exclusively on animal models or experimental in 

vitro systems, were case reports, conference ab-

stracts, editorials, or narrative reviews, included 

fewer than 100 embryos, relied solely on conven-

tional static morphological assessment without 

TLM or AI integration, lacked quantitative AI 

performance metrics such as accuracy or AUC, or 

were published before 2016.  
 

Data extraction: Data extraction was performed 

independently by two reviewers using a standard-

ized data collection form. Extracted information 

included study design, year of publication, sample 

size, number of IVF or ICSI cycles, type of em-

bryo culture media used, application of time-lapse 

monitoring systems, characteristics of AI models 

(including algorithm type, input data, and valida-

tion approach), assessed morphokinetic parame-

ters, reported clinical outcomes, and AI perfor-

mance metrics such as accuracy, sensitivity, spec-

ificity, and AUC. Discrepancies were resolved 

through consensus or consultation with a third 

reviewer. Priority was given to live birth rate 

(LBR) and clinical pregnancy rate (CPR).  
 

Data synthesis and analysis: Given the substantial 

heterogeneity across studies in terms of design, 

patient populations, outcome definitions, AI mod-

el architectures, and reporting methods, a formal 

quantitative meta-analysis was not performed. 

Instead, data were analyzed using a structured 

narrative and descriptive synthesis. To summarize 

quantitative clinical outcomes across diverse stud-

ies, descriptive quantitative aggregates (such as 

raw weighted percentages derived directly from 

the cumulative sample counts of specific study 

sub-groups) are presented for comparative visual-

ization. These figures represent direct mathemati-

cal aggregations of data reported within the pri-

mary literature and must not be interpreted as sta-

tistically pooled effect sizes from a formal meta-

analysis. Absolute values, descriptive ranges, and 

individual study p-values as reported by the origi-

nal authors are explicitly detailed to maintain ana-

lytical transparency. 
 

Methodological quality considerations: To assess 

the methodological quality of the included litera-
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ture, specific validated tools were systematically 

applied based on the respective study designs: (1) 

randomized controlled trials were assessed using 

the Cochrane Risk of Bias tool (RoB 2) across 

five key domains (bias arising from the randomi-

zation process, deviations from intended interven-

tions, missing outcome data, measurement of the 

outcome, and selection of the reported result); (2)  

non-randomized and cohort studies were evaluat-

ed using the Newcastle–Ottawa Scale (NOS), as-

sessing selection criteria, comparability of co-

horts, and outcome verification, with scores ≥7 

stars indicating high quality; and (3) artificial in-

telligence development and validation studies 

were evaluated using the Checklist for Artificial 

Intelligence in Medical Imaging (CLAIM) and 

guidelines adapted from TRIPOD-AI to verify 

dataset partitioning, validation integrity, and re-

porting of performance metrics. A summary of the 

risk-of-bias and quality rankings is integrated into 

the study characteristics table. 

All studies included in this review were con-

ducted in accordance with ethical standards for 

human research and had received appropriate in-

stitutional review board approvals, as stated in the  

 

original publications. No new patient data were 

collected for the purposes of this systematic re-

view. 

 

Results 

Study selection and characteristics: The literature 

search identified a total of 1,247 records across 

PubMed, Scopus, and Web of Science. After re-

moval of 58 duplicate records, 1,189 studies were 

screened based on titles and abstracts. Of these, 

1,033 studies were excluded for not meeting the 

predefined inclusion criteria. A total of 156 arti-

cles underwent full-text assessment, after which 

127 studies were excluded due to insufficient 

sample size, lack of clinical human data, or exclu-

sive reliance on conventional static morphological 

assessment. Ultimately, 29 studies published be-

tween 2016 and 2025 were included in the final 

qualitative synthesis, encompassing data from 

more than 18,500 IVF and ICSI cycles. The study 

selection process is summarized in the PRISMA 

flow diagram (Figure 1). A summary of the base-

line characteristics, designs, sample sizes, and 

quality scores of the primary included studies is 

detailed in table 1. 
 

Figure 1. Flow diagram summarizing the systematic review search 

This flowchart depicts the systematic literature selection process. From 1,247 initially identified records across PubMed, Scopus, and 

Web of Science, 58 duplicates were removed, leaving 1,189 records for screening. After excluding 1,033 studies that did not meet 

inclusion criteria, 156 underwent full-text assessment. Following detailed evaluation, 127 studies were further excluded, resulting in 

29 final studies comprising randomized controlled trials, prospective cohort studies, and validated AI algorithms (2016-2024) en-

compassing over 18,500 IVF cycles for analysis of embryo culture systems, time-lapse monitoring, and AI-enhanced selection meth-

ods. 

Identification 

Records identified from databases 

(PubMed, Scopus, Web of science) 

(n=1.247) 

Duplicates removed 

(n=58) 

Screening 

Records screened (n=1.189) 

Records excluded  

(n=1.033) 

Eligibility 

Full-text articles assessed for  

eligibility (n=156) 

Included 

Studies included in qualitative  

synthesis (n=29) 

Full-text articles excluded 

(n=127) 
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Embryo culture media 

Sequential versus single-step systems: Several com-

mercially available embryo culture media includ-

ing Global Total®, Vitrolife G-TL™, Sage1-

Step™, and CSCM-Complete® were evaluated 

across the included literature. The extracted data 

indicated that sequential and single-step media 

yielded largely comparable clinical outcomes,  

with minor differences observed in specific early 

developmental parameters. 

Descriptive aggregation of the data showed ferti-

lization rates were 70.5% for sequential and 

72.8% for single-step media; this difference was 

not statistically significant (p=0.07) across large 

datasets exceeding 10,500 oocytes (1). Blastocyst 

formation rates were 53.2% for sequential and 

57.1% for single-step media, showing a small but 

statistically significant advantage for single-step 

systems (p=0.03) based on data from more than 

8,500 embryos (16). Clinical pregnancy and live 

birth rates showed no substantial differences, with 

clinical pregnancy rates of 50.8% vs. 52.6% (p= 

0.14) and live birth rates of 40.2% vs. 41.5% (p= 

0.11) across cohorts exceeding 5,800 IVF/ICSI 

cycles (9). Miscarriage rates were similar between 

groups at 11.0% vs. 10.4% (p=0.19) (Table 2) (9). 
 

Impact of TLM on clinical outcomes: TLM was 

evaluated in several studies and demonstrated im-

proved descriptive reproductive outcomes com-

pared with conventional culture and static mor-

phological assessment. Ongoing pregnancy rates 

in TLM cycles were 45.1% vs. 34.8% in conven-

tional cycles (p<0.01), and early pregnancy loss 

was significantly reduced (5.2% vs. 10.9%, p< 

0.01). Embryo utilization was higher in TLM cy-

cles (67.5% vs. 55.8%, p<0.001), and time to 

pregnancy was shorter by approximately one cy-

cle (p<0.01). Multiple pregnancy rates were re-

duced when combined with elective single em-

bryo transfer (eSET) in TLM-supported cycles 

(15.8% vs. 21.7%, p<0.05) (Table 3) (5, 9, 17). 
 

Performance of AI–based embryo selection: AI–

based embryo assessment was evaluated in 12 

studies published between 2020 and 2025. These 

Table 1. Methodological characteristics and quality assessment of included key studies 
 

Study Study design Sample size Main focus/Technology Methodological quality 

Sfontouris 

et al. (1) 

Systematic review of  

randomized controlled trials 

>10,500  

oocytes 

Comparison of sequential versus  

single-step embryo culture media 

High methodological 

quality (AMSTAR-2 

aligned) 

Sacks  

et al. (5) 
Randomized controlled trial 142 IVF cycles 

Time-lapse monitoring (TLM):  

morphokinetics versus environmental 

stability 

Low risk of bias (RoB 2) 

Khosravi  

et al. (8) 

Retrospective validation 

study 

>10,000  

embryo images 

Deep learning–based blastocyst  

assessment 

CLAIM compliance: 

88% 

Berntsen  

et al. (9) 
Multicenter cohort study >5,800 IVF cycles 

Artificial intelligence and TLM 

(iDAScore validation) 

High quality (NOS: 8/9 

stars) 

Hardarson 

et al. (16) 
Randomized controlled trial >8,500 embryos 

Undisturbed culture versus sequential 

culture systems 
Low risk of bias (RoB 2) 

Cimadomo 

et al. (19) 
Prospective validation study 1,806 embryos 

Deep learning–based embryo grading 

during PGT-A cycles 

CLAIM compliance: 

92% 

Salih  

et al. (25) 

Systematic review of cohort 

studies 

12 cohort  

studies 

Artificial intelligence, assisted embryo 

selection versus embryologist  

assessment 

Moderate-to-high quality 

(mean NOS: 7/9 stars) 

 

Abbreviations: AI: Artificial Intelligence, CLAIM: Checklist for Artificial Intelligence in Medical Imaging, IVF: In Vitro Fertilization, NOS: Newcastle–

Ottawa Scale, PGT-A: Preimplantation Genetic Testing for Aneuploidy, RoB 2: Risk of Bias 2, TLM: Time-: apse Monitoring 

 

Table 2. Contemporary clinical outcomes, sequential versus single-step media (2020–2025) 
 

Parameters 
Sequential media  

(Mean±SD%) 

Single-step media  

(Mean±SD%) 
p-value Sample size Ref 

Fertilization rate 70.5±4.2 72.8±4.5 0.07 >10,500 oocytes (1) 

Blastocyst formation 53.2±5.6 57.1±5.0 0.03* >8,500 embryos (16) 

Clinical pregnancy 50.8±4.0 52.6±3.8 0.14 >6,200 cycles (9) 

Live birth rate 40.2±3.5 41.5±3.3 0.11 >5,800 cycles (9) 

Miscarriage rate 11.0±2.0 10.4±2.0 0.19 >3,100 pregnancies (9) 
 

Summary: single-step media demonstrated slightly higher overall rates, with blastocyst formation significantly improved (p<0.05).  These  

estimates represent descriptive summary averages of primary study findings and do not constitute formal meta-analytic pooled effect sizes 
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systems used machine learning or deep learning 

algorithms trained on static embryo images, time-

lapse sequences, or multi-modal datasets includ-

ing clinical variables. AI-based assessments con-

sistently showed superior statical predictive per-

formance compared with conventional morpho-

logical grading by embryologists. Reported pre-

diction accuracies for clinical pregnancy or live 

birth ranged from 70.2% to 86.3%, with AUC 

values between 0.76 and 0.91, whereas traditional 

morphology-based assessments achieved AUCs of 

0.54 to 0.66 (Table 4) (8, 13, 15, 17, 18). 
 

Clinical outcomes of AI-enhanced embryo selection: 

Randomized controlled trials and prospective val-

idation studies comparing AI-assisted embryo 

selection with conventional methods reported var-

iable clinical trends. In specific settings, live birth 

rates ranged from 47.5% to 52.1% in AI-assisted 

groups versus 38.9% to 43.5% in control groups 

(relative risk [RR] range: 1.18–1.24, p<0.01) (9). 

Clinical pregnancy rates were reported at 56.2–

60.6% in AI-guided cycles compared with 47.3–

52.1% in conventional selection (RR range: 1.15–

1.22, p<0.01) (9). AI systems also altered implan-

tation prediction metrics (44.0–48.6% vs. 36.5–

41.3%, p<0.05) and embryo selection accuracy 

metrics (82.0–87.5% vs. 68.0–73.8%, p<0.001) 

(13, 14). Assessment time per embryo was drasti-

cally reduced from 45–50 to 1.8–2.4 seconds us-

ing automated computational models (p<0.001) 

(Table 5) (14). 
 

Discussion 

This systematic review, encompassing 29 studies 

and over 18,500 IVF cycles from 2016 to 2025, 

provides a comprehensive evaluation of the roles 

Table 3. Clinical impact of TLM in assisted reproductive technology 
 

Clinical  

parameter 

Time-lapse monitoring 

group (Mean±SD, %) 

Conventional incubation 

group (Mean±SD, %) 

Statistical  

significance 

Clinical  

interpretation 
Ref 

Ongoing  

pregnancy rate 
45.1±3.4 34.8±4.0 p<0.01 

Relative improvement of  

approximately 29–33% 
(9) 

Early  

pregnancy loss 
5.2±1.8 10.9±2.5 p<0.01 

Relative reduction of  

approximately 50–55% 
(9) 

Embryo  

utilization rate 
67.5±4.3 55.8±5.0 p<0.001 

Increased laboratory and 

clinical efficiency 
(17) 

Time to  

pregnancy 

Reduced by 1.0±0.5 

treatment cycles 
No measurable reduction p<0.01 Shortened treatment duration (9) 

Multiple  

pregnancy rate 
15.8±2.0 21.7±2.4 p<0.05 

Improved outcomes  

with eSET 
(17) 

 

Abbreviations: SD, standard deviation; TLM, time-lapse monitoring; eSET, elective single embryo transfer. Across selected contemporary studies, 
TLM was associated with favorable descriptive trends in reproductive outcomes, particularly improved ongoing pregnancy rates, reduced early preg-

nancy loss, and greater embryo utilization efficiency. Reported values reflect descriptive summaries derived from included high-volume clinical cen-

ters and should not be interpreted as pooled effect estimates from formal meta-analysis 

 

Table 4. Comparative performance of AI systems for embryo assessment (2020–2025) 
 

AI system 
Prediction 

accuracy (%) 
AUC 

Sensitivity 

(%) 

Specificity 

(%) 
Clinical interpretation Ref 

Deep learning 

v1.0 
70.2–74.6 0.76–0.80 72.5–76.0 69.0–73.5 

Approximately 10–14% improvement in 

predictive performance 
(8) 

iDAScore 

standard 
72.8–76.4 0.78–0.82 74.8–78.2 71.5–75.0 

Approximately 12–16% improvement in 

predictive performance 
(18) 

KIDScore v1.5 73.5–77.0 0.79–0.83 75.5–79.0 72.0–76.5 
Demonstrated external validation across 

multiple centers 
(19) 

iDAScore  

advanced 
76.0–80.5 0.81–0.85 77.8–82.0 74.5–78.8 

Approximately 15–20% improvement in 

predictive performance 
(13) 

Multi-modal 

AI v2.0 
82.1–86.3 0.87–0.91 83.0–87.5 81.5–85.8 

Generalized predictive framework across 

the IVF cycles 
(15) 

 

Abbreviations: AI: Artificial Intelligence, AUC: Area Under the Curve, IVF: In Vitro Fertilization.  
Contemporary AI systems demonstrated progressive improvements in internal predictive and classification performance metrics, with multi-modal 

architectures achieving the highest overall accuracy. Nevertheless, superior predictive performance should not be interpreted as direct evidence of 

improved absolute clinical outcomes. Reported values represent descriptive summaries extracted from included studies and do not constitute pooled 
meta-analytic estimates 
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of culture media, TLM, and AI in optimizing IVF 

laboratory workflows (5, 9, 19). The findings 

highlight that while the choice of culture media, 

sequential versus single-step, has a minimal im-

pact on ultimate clinical success, TLM and AI-

driven embryo assessment tools represent trans-

formative technological advancements. However, 

a critical distinction must be maintained between 

computational classification accuracy and veri-

fied, universal improvements in raw clinical live 

birth rates. The comparison of sequential and sin-

gle-step culture media reveals comparable clinical 

outcomes, with live birth rates ranging from 

40.2% to 46.8% for sequential media and 41.5% 

to 47.3% for single-step media (p>0.05) (1, 4, 20). 

These findings align with meta-analyses indicat-

ing that differences in nutrient composition be-

tween the two systems do not significantly affect 

embryo viability or implantation potential (1). 

Sequential media, designed to mimic the dynamic 

nutrient environment of the reproductive tract, 

require multiple handling steps, which may intro-

duce environmental stress (2, 20). In contrast, sin-

gle-step media, such as Global Total® or Sage 1-

Step™, simplify laboratory workflows by main-

taining a consistent nutrient milieu, reducing han-

dling-related perturbations (20). Importantly, his-

torical data from undisturbed culture designs 

showed that single-step media achieved a small 

but statistically significant improvement in blasto-

cyst formation rates (53.2–57.1%, p=0.03)  (16, 

21, 22), indicating a distinct operational advant-

age in high-throughput IVF laboratories where 

procedural efficiency is critical. Clinicians can 

thus prioritize single-step systems for resource 

optimization without compromising clinical preg-

nancy outcomes (22). TLM has emerged as a piv-

otal tool, offering continuous, non-invasive as-

sessment of embryo development (5, 6, 19). Stud-

ies from 2020 to 2025 demonstrate that TLM en-

hances ongoing pregnancy rates (45.1%–52.3% 

vs. 34.8–40.1%, p<0.01) and reduces early preg-

nancy loss (5.2–7.8% vs. 10.9–14.3%, p<0.01) 

compared to conventional incubation (9, 19, 23). 

The primary advantage of TLM lies in its ability 

to maintain stable environmental conditions, min-

imizing fluctuations in temperature, pH, and oxy-

gen levels that can induce stress in embryos (5, 6). 

Systems like EmbryoScope® and Eeva™ provide 

real-time data on morphokinetic parameters, such 

as time to second cleavage (t2), time to five cells 

(t5), and time to start of blastulation (tSB), which 

correlate with implantation potential (17, 20). 

However, recent evidence challenges the primacy 

of morphokinetic markers, suggesting that envi-

ronmental stability is a more critical determinant 

of embryo viability than specific cleavage timings 

(24). For instance, a multicenter study found that 

morphokinetic parameters like t5 have limited 

predictive power (AUC: 0.54–0.66) compared to 

environmental factors (AUC: 0.76–0.86) (24). 

TLM also facilitates eSET, reducing multiple 

pregnancy rates (15.8% vs. 21.7%, p<0.05) (23), 

which is critical for improving maternal and neo-

natal safety. The integration of AI into embryo 

selection marks a paradigm shift in reproductive 

medicine (8, 9, 12, 13, 15, 18, 24-29). AI systems, 

such as iDAScore and KIDScore, achieve predic-

tive accuracies ranging from 70.2% to 86.3% 

(AUC: 0.76–0.91), significantly outperforming 

traditional morphological assessments (AUC: 

0.54–0.66) (8, 13, 15, 17, 18). These models lev-

erage large datasets to analyze complex morpho-

kinetic patterns, integrating variables such as ma-

Table 5. Clinical outcomes of AI–enhanced versus traditional embryo selection 
 

Clinical outcome 
AI-enhanced selection 

(%) 

Traditional selection 

(%) 

Relative risk (RR) 

range 

Statistical  

significance 
Ref 

Live birth rate 47.5–52.1 38.9–43.5 1.18–1.24 p<0.01 (9) 

Clinical pregnancy rate 56.2–60.6 47.3–52.1 1.15–1.22 p<0.01 (9) 

Implantation rate 44.0–48.6 36.5–41.3 1.16–1.23 p<0.05 (14) 

Embryo selection accuracy 82.0–87.5 68.0–73.8 - p<0.001 (13) 

Assessment time (seconds) 1.8–2.4 45–50 - p<0.001 (14) 
 

Abbreviations: AI: Artificial Intelligence, RR: Relative Risk.  

Across included comparative studies, AI-assisted embryo selection demonstrated improvements in workflow efficiency, predictive classification 
performance, and embryo ranking metrics relative to conventional assessment approaches. However, apparent gains in descriptive clinical outcomes 

should be interpreted cautiously because treatment effects may vary across laboratory environments, validation frameworks, and study designs. 

Reported values represent descriptive summaries extracted from primary studies and should not be interpreted as pooled meta-analytic estimates or 
universally generalizable clinical effects 

 



D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://w

w
w

.jri.ir
 

 

 

 

J Reprod Infertil, Vol 27, No 1, Jan-Mar 2026 17 

Ashouri Movassagh S, et al. JRI 

ternal age, embryo morphology, and TLM-derived 

kinetics (4, 15). However, these findings must be 

interpreted with caution. The high AUC and pre-

dictive performance metrics reported across these 

platforms primarily reflect internal classification 

capabilities, meaning the algorithms are highly 

proficient at grading and ranking embryos relative 

to one another within a cohort. This superior rank-

ing accuracy does not automatically equate to a 

biological improvement in the overall live birth or 

cumulative pregnancy rate of a patient if the entire 

cohort lacks developmentally competent embryos. 

While clinical validation studies report descriptive 

statistical gains in certain sub-groups (9, 13, 18), 

the apparent success of AI-assisted cycles may be 

heavily confounded by the undisturbed incubation 

environments of the TLM units required to cap-

ture the image sequences. AI also significantly 

enhances workflow efficiency, reducing embryo 

assessment time from 45–50 to 1.8–2.4 seconds 

(p<0.001) (18), and eliminates the subjectivity 

inherent in manual grading (13, 25). Notably, AI’s 

ability to predict chromosomal status (74.5%–

82.1% accuracy versus 62.3%–69.7% for tradi-

tional methods) is a significant advancement for 

preimplantation genetic testing for aneuploidy 

(PGT-A) cycles, potentially reducing the need for 

invasive biopsies (12, 18).  

The findings of this review suggest that IVF 

clinics may adopt single-step culture systems to 

streamline laboratory workflows without compro-

mising clinical success rates (20). Second, TLM 

should be considered a clinical asset, particularly 

for patients with poor prognosis, as it preserves 

environmental stability throughout preimplanta-

tion development (5, 9, 23). Third, validated AI 

tools may be incorporated into clinical decision-

making protocols as objective decision-support 

mechanisms (6, 13, 15). Nevertheless, continued 

embryologist oversight and manual validation 

remain essential to ensure quality control and to 

mitigate potential algorithmic bias (25).  

Several limitations should be acknowledged in 

this study. First, most included studies were con-

ducted in specialized, high-volume IVF centers, 

which may limit the generalizability of the find-

ings to smaller or resource-constrained clinics. 

Second, substantial heterogeneity in study design, 

particularly in AI algorithm architectures, training 

datasets, and validation methods, complicates di-

rect comparisons. Third, the long-term safety of 

AI-driven embryo selection and prolonged expo-

sure to TLM, especially with respect to potential 

epigenetic effects, remains insufficiently explored. 

Fourth, because a formal meta-analysis was not 

conducted due to data heterogeneity, a statistical 

evaluation of publication bias (e.g., via Egger’s 

test or funnel plots) could not be executed. Con-

sequently, a high risk of publication bias cannot 

be ruled out, as studies demonstrating positive 

predictive performance or statistically significant 

clinical improvements for commercial AI systems 

are far more likely to be published than studies 

yielding neutral, negative, or non-significant re-

sults. Finally, the high financial and technical re-

quirements associated with TLM systems and AI 

platforms may limit their widespread adoption. 

 

Conclusion 

While single-step culture media offer clear oper-

ational advantages in laboratory efficiency with-

out compromising clinical parameters, technolo-

gies such as TLM and AI-based selection present 

powerful advancements in automated embryo 

evaluation. Evidence indicates that TLM im-

proves descriptive trends of ongoing pregnancy 

primarily by ensuring stable, undisturbed incuba-

tion conditions. AI systems demonstrate outstand-

ing predictive performance and classification ac-

curacy in ranking embryos, significantly outper-

forming manual methods and reducing laboratory 

assessment time. 

However, strong assertions that AI and TLM 

universally improve absolute clinical pregnancy 

or live birth rates must be moderated. A clear dis-

tinction must be maintained between an algo-

rithm’s capability to accurately select the optimal 

embryo within a given cohort and its capacity to 

alter the fundamental biological competence of 

that embryo. Future research should address these 

gaps through large-scale, multicenter randomized 

controlled trials designed to isolate the predictive 

impact of AI algorithms from the physical bene-

fits of undisturbed TLM incubation. Importantly, 

these studies should include low-resource clinics 

to enhance the generalizability of the findings. 

Second, the development of personalized AI mod-

els that incorporate patient-specific variables such 

as body mass index (BMI), ovarian reserve, and 

genetic characteristics may further improve clini-

cal utility. Third, well-designed longitudinal stud-

ies are essential to evaluate the potential epigenet-

ic and developmental effects of prolonged TLM 

exposure and single-step culture media on long-

term health outcomes in children conceived 

through IVF. Finally, comprehensive cost-ef-
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fectiveness analyses are warranted to inform re-

source allocation, reimbursement strategies, and 

policy decisions in ART. 

In general, widespread clinical implementation 

of these platforms must be guided by rigorous 

center-specific validation, cost-effectiveness anal-

yses, and a clear understanding of study heteroge-

neity. Ultimately, future prospective trials remain 

vital to establish standardized implementation 

protocols. 
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