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Research Question

Does the double freeze–thaw procedure affect embryo quality or clinical outcomes for patients?





Design

A retrospective study was conducted on patients undergoing noninvasive chromosome screening (NICS) from March 2018 to April 2024. Patients were divided into two groups: (1) the double freeze-thaw group, whose cryopreserved blastocysts underwent a second NICS after thawing because the first NICS test failed, and (2) the single freeze-thaw group, whose blastocysts were successfully analysed in the first NICS. The clinical outcomes included the detection success rate of NICS via the analysis of thawing culture medium and the live birth rate.





Results

A total of 275 patients and 1, 443 embryos were included, with a NICS detection failure rate of 6.7% (96/1, 443). 87 were re-analysed after a second NICS using their thawed culture medium; 57.4% (50/87) of these re-tested embryos were classified as grade A or B. Fifty-two embryos were thawed and transferred in the double freeze-thaw group. Compared with the morphological grading before the first freezing, the ICM grade of two embryos decreased from A to B, and the TE grade of two embryos decreased from B to C before the second freezing. The results showed that there were still no significant differences in the clinical pregnancy rate (56.52% vs. 57.14%, adjusted p=0.785), early miscarriage rate (21.98% vs. 25.00%, adjusted p=0.528), ongoing pregnancy rate (44.10% vs. 42.86%, adjusted p=0.516), and live birth rate (42.86% vs. 42.86%, adjusted p=0.736) in single freeze–thaw group and double freeze–thaw group.





Conclusions

Comparable clinical outcomes were achieved by re-applying NICS using the thawing culture medium compared to the single freeze-thaw group.
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Introduction

Noninvasive chromosome screening (NICS) is a novel method for preimplantation chromosomal screening of embryos (1). This technique utilizes the blastocyst bathing culture medium as the sample for testing and combines whole-genome amplification (WGA) with next generation sequencing (NGS). By analyzing the chromosomal status of cell-free DNA in the embryo culture medium, NICS provides a comprehensive assessment of the embryo’s chromosomal status, thereby providing preferences in selecting the most viable embryos for transferring (2). In recent years, multiple clinical studies have demonstrated that the accuracy of NICS can be comparable to that of preimplantation genetic testing for aneuploidy (PGT-A) (3, 4). For patients with recurrent miscarriages, recurrent implantation failure, and advanced maternal ages, NICS can improve clinical outcomes (2, 5). However, NICS technology has limitations, particularly regarding to detection success rates as referring to straightforward CNV result or non-N/A per say, which vary across studies (77.3%–100%) (6–9). Multiple factors influence the detection success rate of NICS, including embryo morphology, expansion degree and the sampling time. Because embryos that fail NICS do not generate a CNV profile, clinicians remain cautious about transferring them.

For embryos that initially failed PGT-A, studies have shown that thawing the embryos, performing a second biopsy, and selecting embryos for transfer based on the second PGT-A results can maintain a satisfactory live birth rate (10, 11). However, a retrospective cohort study indicates that double biopsies may negatively impact clinical outcomes, as the clinical pregnancy rate of those blastocysts experienced double biopsies is lower compared to that obtained with single biopsy in frozen embryo transfers (12). Therefore, a non-invasive sampling approach is required for the secondary assessment of cryopreserved embryos that fail the initial PGT-A analysis. NICS is a non-invasive sampling method, and previous studies have thawed cryopreserved blastocysts and collected spent culture medium at different time-points for NICS analysis. Frozen embryos were thawed and cultured for 14–24 hours, after which the culture medium was collected for NGS. The detection success rate of NICS was 92.3%–100%, and its accuracy was 87%–100% when using the whole embryo results as the gold standard (13, 14). Kuznyetsov et al. found that using the culture medium of thawed frozen embryos for NICS detection, with the whole embryo as the gold standard, the consistency of NICS was higher than that of TE (96.4% vs. 91.7%) (7). These findings demonstrated the feasibility and potential benefits of using the culture medium of thawed frozen embryos for NICS detection.

However, the culture time after thawing of frozen embryos was relatively long (14–24 hours); currently, no complement achieved along the application of NICS on the bathing time. Moreover, the clinical outcomes of blastocysts transfer after a second freeze-thaw cycle remain unknown. Thus, the clinical application of this approach requires further investigation. This study focused on frozen embryos that failed the initial NICS test and were subsequently re-cultured for 8 hours. We would compare the morphological changes of embryos before and after double freezing, as well as the clinical outcomes in the two groups. It aims to investigate whether embryos that have undergone two freeze-thaw cycles impact clinical outcomes in patients undergoing NICS.





Methods




Study design

This single-center retrospective clinical study recruited patients from Hebei Maternity Hospital between March 2018 and April 2024 with signed acknowledgement letter. All pregnancy outcomes was collected in May 2025. This study was reviewed and approved by the Medical Science Research Ethics Committee of Hebei Reproductive Maternity Hospital (ID: 20240002).





Participants

The study enrolled patients with the application of assisted reproduction as frozen embryo transfer (FET). Inclusion criteria as listed:

	The female patient was 22–40 years old with BMI locates between 18–25 kg/m2;

	Couples accept NICS testing; and the preference of embryo transfer based on the results of NICS.



Exclusion criteria expelled patients with chromosomal abnormalities, uterine anomalies, and endometrial thickness (<7 mm).;

The culture medium after second thawing was collected for another NICS detection, where transfer was guided by this results. Those embryos were transferred based on the second NICS results when assigned to the double freeze-thaw group as the test group, while rest of embryos who relys on the initial NICS results were included to the single freeze-thaw group where belonging to the conrtrol group.





Oocytes retrieval and granulosa cell removal

Based on the patient’s specific case, ovulation was stimulated by standard antagonist and progestin primed ovarian stimulation (PPOS), and the dose of gonadotropin was adjusted according to the patient’s ovarian response, hormone level and follicle size. When the follicle diameter and hormone levels reached triggering criteria, patients received either a dose of 5, 000 to 8, 000 IU human chorionic gonadotropin (HCG) or 0.1 mg gonadotropin-releasing hormone agonist (GnRHa) combined with 4, 000 IU HCG. Egg retrieval was performed approximately 37 hours after triggering under the guidance of transvaginal ultrasound. One to two hours after egg retrieval, oocytes were treated with hyaluronidase and blown and washed three times to remove granulosa cells.





Embryo culture and first sample collection

For intracytoplasmic sperm injection (ICSI) embryo, fertilization was assessed 16–18 hours after ICSI. For conventional in vitro fertilization (IVF) embryo, confirmation was performed 18–19 hours after sperm insemination. Two pronuclei and two polar bodies were visualized clearly. On the afternoon of day 2 post-fertilization confirmation, the embryos’ granulosa cells were re-extracted, the blastocyst culture medium was refreshed, and the embryos were cultured in new drops. On the afternoon of day 4, the blastocyst culture medium was replaced again and the embryos were washed three times in 25µL culture medium. These operations were efficient in removing the maternal DNA contamination. When the blastocysts met freezing criteria, they were individually vitrified and cryopreserved. Approximately 20µL of the corresponding blastocyst culture medium was collected into RNase/DNAase-free PCR tubes containing 5µL of preservation solution. The blastocysts were graded according to the Gardner score before cryopreservation (15), which assesses blastocyst expansion, inner cell mass, and trophoblast ectoderm.





Whole genome amplification, library preparation and sequencing

A 10uL spent culture medium was pipetted from the sample preservation tube for WGA, and the sequencing library preparation was performed using the NICSInst™ (Xukang Medical Technology (suzhou) Co., Ltd) library kit (3, 9). Quality control was assessed using Qubit 3.0 (Qubit® dsDNA HS Assay Kit, Thermo Fisher Scientific) and 1.5% agarose gel electrophoresis. NGS sequencing was conducted on the Illumina platform, and approximately 2M sequencing reads were obtained for each library.





Copy number variation analysis

Data was analyzed using ChromGo™ bioinformatics software (Xukang Medical Technology (suzhou) Co., Ltd) (16). High-quality reads were counted along the genome sequence with a bin size of 1Mb, normalized for GC content and reference datasets, and analyzed with the circular binary segmentation (CBS) algorithm to identify CNV fragments. If the sequencing data do not yield a valid CNV profile, the NICS attempt is classified as a failure. Insufficient original cfDNA, whole-genome amplification failure, or poor sequencing quality can all preclude reliable CNV detection.

As previously reported 2, 17), embryos were classified into grades A, B, and C based on their probability of euploidy using the established noninvasive chromosome screening-artificial intelligence (NICS-AI) grading system. Embryos are graded as A, B, or C based on the probabilities of being euploidy as of ≥0.94, 0.7–0.94, and ≤0.7, respectively. The order of transfer follows the rule where A > B > C. For the NICS-AI system, the Random Forest machine learning algorithm was employed to construct a copy number pattern in the blastocyst culture medium that correlates with chromosomal euploidy or aneuploidy, using whole embryo CNV results as the gold standard. Eleven feature values, including the 10M-resolution CNV result, the 10M-resolution CNV result redefined by a 50% mosaicism threshold, and others, were included in the machine learning model.





Frozen embryo thawing and second sample collection

For embryos that failed the initial NICS analysis, they were thawed and the post-thaw culture medium was collected for a second NICS testing. Thawing was performed with commercial vitrification warming solutions (Kitazato, Japan) according to the manufacturer’s four-step protocol (1 + 3 + 5 + 1 minutes). After warming, each embryo was rinsed twice in 30 µL washing micro-drops and then transferred into a 25 µL culture micro-drop for incubation.

Eight hours later, a laser-pulse (Research Instruments) was applied at the trophectoderm–opposite the inner cell mass–to induce collapse. Five minutes after collapse the blastocyst was moved to a transfer drop; 20 µL of the culture medium was aspirated into a PCR tube, using a separate Pasteur pipette for each embryo to avoid cross-contamination. The collapsed blastocyst was immediately re-vitrified with commercial vitrification freezing solutions (Kitazato, Japan) using the standard two-step procedure. This 8-h recovery interval was selected on the basis of our pilot study (Supplementary Table 1), which showed a high NICS amplification rate while minimizing the risk of over-hatching that is associated with longer culture time and that could compromise subsequent clinical transfer.

Similarly, morphological grading of the embryos was performed before cryopreservation. Morphological assessments were performed by the same senior embryologist before each of the two cryopreservation cycles to minimize subjective bias.





Embryo thawing and transfer

For embryos with a successful first NICS test, patients select transfer candidates according to the NICS-AI ranking (A > B > C). Grade-A and -B embryos are recommended for transfer; if neither is available, a grade-C embryo may be used after detailed counselling and written informed consent.

When the first NICS attempt fails and no other embryos could been transferred, the cryopreserved blastocyst may be thawed and re-tested. The subsequent transfer decision follows the same hierarchy (A/B preferred; C allowed only after informed consent).

Immediately before transfer, selected blastocysts are warmed with Kitazato vitrification warming solutions (1 + 3 + 5 + 1 min protocol), rinsed twice in 30 µL wash drops, and cultured in 25 µL micro-drops. Laser-assisted hatching is then performed at a site distant from the inner cell mass where a perivitelline space is visible. Three laser pulses create a ¼–⅓ circumferential breach of the zona pellucida. Embryos are transferred 2 h after assisted hatching is completed.





Clinical outcomes collection

The primary clinical outcome was referred as live birth rate. The HCG level was assessed 14 days post-blastocyst transfer. Clinical pregnancy was confirmed by the identification of at least one gestational sac in the uterine cavity via ultrasound at 28–30 days after transfer. Ongoing pregnancy was defined as a detectable fetal heart at week 12 of gestation. Live birth was defined as the delivery of a live infant with a gestational age exceeding 28 weeks.





Statistical analysis

Statistical analysis was performed using the R program. Data that followed a normal distribution were presented as mean ± standard deviation (SD), and comparisons between groups were made using t-tests. Non-normally distributed data were presented as median (Q1–Q3), and the Mann-Whitney U test was used for between-group comparisons. The chi-square test was used to compare proportions or rates (%) between groups.

Multiple logistic regression analysis was used to compare clinical pregnancy rates, early miscarriage rates, ongoing pregnancy rates, and live birth rates between groups. Demographic data including female age, the number of prior miscarriage, and type of infertility were incorporated into the model to estimate the odds ratio (OR) for clinical outcomes. Statistical significance was set at p < 0.05 for all comparisons.






Results

A total of 223 patients were included in the single freeze-thaw group, and 56 patients were included in the double freeze-thaw group based on the inclusion and exclusion criteria. Four patients from the double freeze-thaw group were excluded because they had two embryos transferred, one undergoing one freeze-thaw procedure and the other undergoing two freeze-thaw procedures. Thus, 52 patients were ultimately included in the double freeze-thaw group. The total number of patients enrolled in this test was 275. In both groups, embryos were selected for blastocyst transfer based on the NICS-AI grading system, and follow-up was continued until live birth. The study flowchart was shown in Figure 1.

[image: Diagram comparing single and double freeze-thaw processes in embryo culture. The top section shows single freeze-thaw: embryos are frozen, thawed, selected, and transferred. Culture medium is collected for amplification and sequencing, followed by NICS-AI grading. The bottom section illustrates double freeze-thaw: embryos are frozen, thawed, culture medium collected, then refrozen. After re-thawing, selection for transfer occurs, with failed NICS proceeding to grading. Comparison of clinical outcomes is indicated.]
Figure 1 | Flow chart of the clinical study. The single freeze-thaw group and the double freeze-thaw group included 161 and 42 patients for analysis, respectively. NICS, Noninvasive chromosome screening.




NICS detection success rate

Among the 275 patients included, a total of 1443 blastocysts were subjected to NICS testing. In the initial NICS test, 96 embryos failed, yielding a detection success rate of 93.3% (1347/1443). The proportions of blastocysts graded as A, B, and C were 35.6% (514/1443), 15.6% (225/1443), and 42.1% (608/1443), respectively (Figure 2A).

[image: Two pie charts labeled A and B compare data distribution. Chart A shows categories: NA at 6.7% (ninety-six out of one thousand four hundred forty-three), A at 35.6% (five hundred fourteen out of one thousand four hundred forty-three), B at 15.6% (two hundred twenty-five out of one thousand four hundred forty-three), C at 42.1% (six hundred eight out of one thousand four hundred forty-three). Chart B shows NA at 18.4% (sixteen out of eighty-seven), A at 49.4% (forty-three out of eighty-seven), B at 8.0% (seven out of eighty-seven), C at 24.1% (twenty-one out of eighty-seven).]
Figure 2 | NICS detection success rate. (A) The initial NICS results for 1443 embryos and the proportion of embryos with different NICS-AI grades. (B) The second NICS results for 87 embryos that initially failed the first NICS testing.

Of the 96 embryos that failed the initial NICS, 87 embryos were subsequently thawed and cultured for second NICS test. The results showed that the detection success rate was 81.6% (71/87). The proportions of blastocysts graded as A, B, and C were 49.4% (43/87), 8.0% (7/87), and 24.1% (21/87), respectively (Figure 2B).

Compared with the initial NICS results, the proportion of Grade A embryos in the second NICS results was significantly higher (35.6% vs. 49.4%, p=0.009).





Morphological changes

To evaluate the impact of double frozen on embryo morphology, the morphological grading of embryos in the double freeze-thaw group was documented at fertilization stage, at the first freezing point, and before transfer. A total of 52 patients were included in the double freeze-thaw group, with 62 embryos thawed and transferred.

All 62 embryos were successfully thawed before transfer (100%, 62/62). Compared with the morphological grading recorded after fertilization, the expansion stage of eight embryos progressed from stage 4 to stage 5, and one embryo proliferated from stage 4 to stage 6 before the second freezing. The ICM grade of two embryos decreased from A to B, and the TE grade of two embryos decreased from B to C before the second freezing (Table 1, please referred to Supplementary Figure 1 for the detailed morphology of the same embryo at three time points).


Table 1 | Morphological changes before first freezing, second freezing, and transfer.
	Morphology grading
	Expansion grade
	Inner cell mass (ICM)
	Trophectoderm (TE)


	4
	5
	6
	A
	B
	C
	A
	B
	C



	Before first freezing
	62
	0
	0
	9
	51
	2
	10
	34
	18


	Before second freezing
	53
	8
	1
	7
	53
	2
	10
	32
	20


	Before transfer
	11
	44
	7
	7
	53
	2
	10
	32
	20







There were no changes in the ICM and TE grades before the second freezing to that of at transfer period. However, 42 embryos expanded from stage 4 to stage 5 or 6. This phenonmenon is consistent with the stipulation of the standard operation practive (SOP) that indicates in vitro embryos must reach to stage 5 before transfer.





Patients characteristics

Ten and sixty-two patients were excluded from the double freeze–thaw and single freeze–thaw groups, respectively, because they underwent double-embryo transfer. There were 42 patients in the double freeze-thaw group and 161 patients in the single freeze-thaw group (Figure 1).

The patients’ baseline characteristics and details of the transferred embryos are shown in Table 2. There was a significant difference between the two groups in terms of female age, the number of prior miscarriage and type of infertility (p<0.05). The differences in BMI, male age, duration of infertility, the number of prior failed transfer, IVF indication and AMH between the two groups were not statistically significant (p>0.05). Between the single and double freeze–thaw groups, no differences were observed in NICS-AI grade, quality grade, or blastocyst formation day of the transferred embryos (p>0.05).


Table 2 | The basic characteristics of the single freeze–thaw group and the double freeze–thaw group.
	Variable
	Single freeze-thaw group (n = 161)
	Double freeze-thaw group (n = 42)
	P value



	Female age (mean ± SD)
	33.52 ± 4.61
	31.62 ± 4.42
	0.018


	Female BMI (mean ± SD)
	23.33 ± 3.51
	22.81 ± 3.75
	0.396


	Male age (mean ± SD)
	34.32 ± 5.25
	33.24 ± 4.72
	0.225


	Male BMI (mean ± SD)
	26.94 ± 3.93
	27.35 ± 4.09
	0.548


	Duration of infertility,
M (Q1, Q3)
	2.00 (1.00, 4.00)
	2.00 (1.00, 4.00)
	0.303


	No. of prior failed transfer, n (%)
	 
	 
	0.364


	 0
	123 (76.40)
	36 (85.71)
	 


	 1-2
	30 (18.63)
	4 (9.52)
	 


	 ≥3
	8 (4.97)
	2 (4.76)
	 


	No. of prior miscarriage,
n (%)
	 
	 
	0.010


	 0
	68 (42.24)
	28 (66.67)
	 


	 1
	36 (22.36)
	8 (19.05)
	 


	 ≥2
	57 (35.40)
	6 (14.29)
	 


	IVF indication, n (%)
	 
	 
	0.181


	 Male factor
	6 (3.73)
	4 (9.52)
	 


	 Female factor
	144 (89.44)
	34 (80.95)
	 


	 Both
	11 (6.83)
	4 (9.52)
	 


	Type of infertility, n (%)
	 
	 
	0.009


	 Primary infertility
	25 (15.53)
	14 (33.33)
	 


	 Secondary infertility
	136 (84.47)
	28 (66.67)
	 


	AMH, M (Q1, Q3)
	3.25 (1.96, 4.66)
	4.00 (2.49, 6.48)
	0.059


	Method of fertilization,
n (%)
	 
	 
	0.136


	 ICSI
	17 (10.56)
	8 (19.05)
	 


	 IVF
	144 (89.44)
	34 (80.95)
	 


	No. of blastocysts,
M (Q1, Q3)
	4.00 (3.00, 7.00)
	5.00 (3.00, 8.75)
	0.130


	NICS-AI grading, n (%)
	 
	 
	0.062


	 A/B
	124 (77.02)
	30 (71.43)
	 


	 C
	32 (19.88)
	7 (16.67)
	 


	 NA
	5 (3.11)
	5 (11.90)
	 


	Embryonic days, n (%)
	 
	 
	0.695


	 Day 5
	86 (53.42)
	25 (59.52)
	 


	 Day 6
	69 (42.86)
	15 (35.71)
	 


	 Day 7
	6 (3.73)
	2 (4.76)
	 


	Quality grade, n (%)
	 
	 
	0.265


	 Good (AA, AB, BA)
	36 (22.36)
	11 (26.19)
	 


	 Fair (BB)
	61 (37.89)
	20 (47.62)
	 


	 Poor (AC, CA, BC, CB)
	64 (39.75)
	11 (26.19)
	 











Clinical outcomes

Clinical outcomes in the single and double freeze–thaw groups were analyzed, and as shown in Supplementary Table 2. No significant differences were observed in clinical pregnancy rate (56.52% vs. 57.14%, p=0.942), early miscarriage rate (21.98% vs. 25.00%, p=0.753), ongoing pregnancy rate (44.10% vs. 42.86%, p=0.885), and live birth rate (42.86% vs. 42.86%, p=1.000).

Since the patients in the single freeze–thaw group and double freeze–thaw group were statistically different (p<0.05) in terms of female age, the number of prior miscarriage and type of infertility, these variables were taken as independent variables and included in the binary logistic regression analyses. The results showed that there were still no significant differences in the clinical pregnancy rate, early miscarriage rate, ongoing pregnancy rate, and live birth rate in single freeze–thaw group and double freeze–thaw group (adjusted p value > 0.05) (Table 3).


Table 3 | Logistic regression analysis compared the clinical outcomes of the single freeze–thaw group and the double freeze–thaw group.
	Clinical outcomes
	Single freeze-thaw group (n = 161)
	Double freeze-thaw group (n = 42)
	Adjusted P value*
	Adjusted OR (95% CI)*



	Clinical pregnancy rate
	56.52% (91/161)
	57.14% (24/42)
	0.785
	0.90 (0.44 ~ 1.86)


	Early miscarriage rate
	22.00% (20/91)
	25.00% (6/24)
	0.528
	1.43 (0.47 ~ 4.36)


	Ongoing pregnancy rate
	44.10% (71/161)
	42.86% (18/42)
	0.516
	0.79 (0.38 ~ 1.62)


	Live birth rate
	42.86% (69/161)
	42.86% (18/42)
	0.736
	0.88 (0.43 ~ 1.82)





*Logistic regression analysis adjusted for the female age, No. of prior miscarriage and type of infertility.








Discussion

In this study, the embryos with NA results over the first NICS were thawed and cultured for 8 hours, after which the culture medium was collected for the second NICS test. The detection success rate was 81.6% (71/87), with 57.4% of the embryos are allowed to be transferred follow the stipulation of SOP. The clinical pregnancy rate, early miscarriage rate, ongoing pregnancy rate, and live birth rate were similar between the double freeze-thaw group and single freeze-thaw group. Thus, re-testing embryos that initially yield not available NICS results after thawing maximized embryo utilization, and patients who proceed with transfer based on the second NICS result can still achieve favorable clinical outcomes. Moreover, the proportion of Grade A embryos in the double freeze-thaw group was higher than that in single freeze-thaw group (49.4% vs. 35.6%, p=0.009). This may be due to the higher rate of euploidy in embryos that initially failed the NICS test. Nakhuda et al. reported that patients who underwent transfer of embryos that failed niPGT had the highest ongoing pregnancy rates compared with those who had transfers of euploid and aneuploid embryos (66.7% vs. 57.3% vs. 41.2%, respectively) (18). The study by Huang et al. demonstrated that patients who transferred embryos with lower cfDNA levels achieved higher live birth rates compared to those with higher cfDNA levels (37.56% vs. 23.04%, p < 0.001) (19). This may be attributed to better embryo quality and more compact cellular structure, leading to reduced DNA release into the culture medium. Therefore, embryos that initially failed NICS testing may also have a higher potential for implantation. By thawing these embryos and collecting the culture medium for second NICS testing, the chromosomal status of 81.6% (71/87) of the embryos was determined. Transferring embryos based on the results of the second NICS test achieved clinical outcomes comparable to those of embryos that initially succeeded in NICS.

Koch et al. demonstrated that no significant differences was observed in clinical pregnancy rate and live birth rate between double freeze-thaw embryos and single freeze-thaw embryos (20). However, other studies have shown that double freezing and thawing may impair the developmental potential of blastocysts and reduce live birth rates (21, 22). In our study, the expansion degree and ICM and TE morphology grades of embryos in the double freeze-thaw group were recorded both before and after cryopreservation and thawing. After 8 hours of culture following thawing, the morphology of the ICM and TE of the embryos remained essentially unchanged. Nine embryos progressed from stage 4 to stage 5 or 6. Most embryos were cultured to stage 5 before transfer, which was in line with the routine practice of our center, where embryos are generally cultured to stage 5 for transfer. The survival rate of embryos that underwent double freezing was 100% (62/62). Regalado et al. also reported that double freezing may not affect embryo survival (23). Therefore, performing a second NICS test on thawed embryos maybea viable option following initial NICS failure, and embryo transfer can be guided by the second NICS results. More future data are required to directly compare the clinical outcomes of using or not using the NICS protocol during frozen embryo cycles.

Moreover, this study offers alternative solutions for embryos that fail PGT-A testing. For embryos that initially failed PGT-A or were identified as complex mosaicism, when patients have no other euploid embryos available for transfer, clinicians may choose to thaw and re-biopsy these embryos for a second PGT-A test to avoid embryo wastage. Zhou et al. performed a second biopsy and vitrified the embryos with complex mosaicism detected by PGT-A. The results showed that the success rate of thawing and re-warming of these embryos was 100%, with a euploid rate of 61.6% and an ongoing pregnancy rate of 38.9% for patients (24). However, PGT-A required embryo biopsy and even a second biopsy, which not only required professional skills but also may affect embryo implantation and even offspring development (25, 26). NICS sampling is noninvasive. Several studies have shown that culture medium testing of mosaic embryos post-thaw yields NICS results that more accurately reflect the overall condition of the embryos. Huang et al. found that, using donated mosaic and aneuploid embryos, NICS better reflected the chromosomal status of embryos than PGT-A (4). Li et al. thawed 41 mosaic embryos, and 85.36% (35/41) of whole embryo were euploid, with 82.85% (29/35) of the corresponding NICS results also being euploid (27). That is, NICS can give 70% of embryos with mosaic results from PGT-A a second chance for transfer, thus avoiding the waste of mosaic embryos. Therefore, NICS could serve as an alternative solutions for embryos that initially failed PGT-A or were identified as complex mosaicism, allowing embryo selection and transfer to be guided by the NICS result.

In addition to detection failure, maternal contamination is a bottleneck for NICS. At present, the proportion of maternal contamination in the culture medium can already be identified (28). Studies have shown that more than half (95/191) of embryos may be affected by maternal contamination, with nearly 50% (45/95) of these embryos having a maternal contamination proportion of over 40% (29). Huang et al. have shown that with an appropriate sampling protocol, maternal contamination can be reduced to 5–6.8%. The cumulus cells were removed at the oocyte stage, and the embryos were washed and transferred to fresh medium on both days 3 and 4 to minimize any residual granulosa-cell contamination (16). If an embryo is detected with a high proportion of maternal contamination, clinicians and patients may be concerned about the increased risk of transfer. In such cases, the frozen embryos can be thawed to obtain the culture medium, which is free of maternal contamination, for NICS. Xie et al. found that the proportion of embryos with maternal contamination in the culture medium after thawing was lower compared to that in fresh culture (19.2% vs. 35.8%, p=0.033) (30). This may be related to the source of maternal contamination. The primary source of maternal contamination in the culture medium is the attachment of granulosa cells. Multiple medium changes and washings during the freezing and thawing process reduce the likelihood of granulosa cell attachment. Additionally, maternal cells, such as polar bodies or free DNA from follicular fluid cell degradation, may be displaced and diluted during the osmotic changes of freezing and thawing, thereby reducing maternal DNA interference.

For patients with a history of recurrent implantation failure or miscarriage who have cryopreserved embryos conceived by conventional IVF (c-IVF), PGT-A is precluded because of the possible contamination from cumulus cells. In these cases, only morphological grading can be applied for embryo selection, with no information on ploidy status. In the future, thawing such embryos and performing NICS on the spent blastocyst culture medium mayebe anoption. Indeed, the study has shown that NICS results obtained from c-IVF-derived blastocysts are comparable to those from ICSI-derived embryos, and their diagnostic accuracy is equivalent to that of trophectoderm biopsy (30).This study also has its limitations. First, the study utilized the culture medium from embryos that initially failed NICS testing, rather than from all embryos. These embryos that failed NICS initially tend to have better morphology and a higher probability of being euploid, which may be more conducive to achieving better pregnancy outcomes for patients. The double freeze–thaw group in this study was small; larger samples are needed to confirm these findings. Second, to ensure the survival rate of thawed embryos, the embryo culture volume was 25μL. However, the detection success rate still requires further improvement, for example, by using a 10μL-culture volume for embryo thawing and culturing. Ardestani et al. thawed and cultured frozen embryos in a 10μL-volume for 8 hours and found that the detection success rate of NICS could reach 100% (22/22) in embryos (14). Finally, patients who were transferred double freeze-thaw embryos still require long-term follow-up of neonatal outcomes to verify current finding.

Novel approaches are being developed currently by means to reduce the need for double freezing and thawing. The rapid NICS can be achieved via leveraging the short sequencing time of third-generation sequencing platforms. This approach would allow embryos to undergo NICS after the first thawing and culturing without the need for a second freeze-thaw cycle, thereby reducing operational costs and potential harm to the embryos. Consequently, patients can proceed with embryo transfer more quickly.

In conclusion, this study suggested that for embryos that initially failed NICS testing, a second NICS could be performed after thawing the frozen embryos. This approach was safe and increased embryo utilization. Patients undergoing transfer of embryos selected by second NICS results achieved clinical outcomes similar to those receiving embryos with a single freeze-thaw cycle.
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