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Reproductive Center, The Third Affiliated Hospital of Zhengzhou University, Zhengzhou, China

Objective: The aim of this study was to investigate whether blastocyst morphology and
developmental rate are associated with euploidy and live birth rates (LBRs) in single
euploid frozen–thawed embryo transfer (FET) cycles.

Design: Retrospective cohort study.

Methods: This study included 431 preimplantation genetic testing for aneuploidy (PGT-A)
cycles followed by 393 FET cycles performed at our center from June 2017 to March
2021. All cycles were analyzed for euploidy based on blastocyst morphology (good,
average and poor), developmental stage (day 5 and 6) and maternal age (< 35 and ≥ 35
years old). Multivariate logistic analysis models were used to identify the independent
effects of conventional blastocyst morphology, developmental rate and morphological
parameters (degree of blastocoele expansion, and grade of inner cell mass and
trophectoderm (TE)) on LBRs.

Results: In the group of women aged < 35 years, compared with poor-quality
blastocysts, good-quality blastocysts (62.90% vs. 32.46%; odds ratio (OR) 3.163, 95%
confidence interval (CI) 2.247–4.451; P < 0.001) and average-quality blastocysts (46.70%
vs. 32.46%; OR 1.665, 95% CI 1.287–2.154; P < 0.001) had significantly higher euploidy
rates. Additionally, day 5 blastocysts were associated with higher euploidy rates than day
6 blastocysts (49.28% vs. 35.02%; OR 1.506, 95% CI 1.191–1.903; P= 0.001). In the
group of women aged ≥35 years, euploidy rates were also associated with blastocyst
morphology, with 41.86%, 45.65% and 24.39% of good, average and poor-quality
embryos, respectively, exhibiting euploidy. However, no relationship was seen between
euploidy and blastocyst developmental rate. Multiple logistic regression analysis show
that overall blastocyst morphology of euploid embryos was not associated with LBR, only
embryos with A-grade TE had significantly higher LBRs than those with C-grade TE
(62.71% vs. 45.40%; OR 2.189, 95% CI 1.166–4.109; P=0.015). Similarly, LBRs were
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significantly higher when day 5 blastocysts were transferred than when day 6 blastocysts
were transferred (57.75% vs. 41.67%; OR 2.132, 95% CI 1.370–3.318; P = 0.001).

Conclusion: Poor-quality embryos have reduced rates of euploidy. However, blastocyst
developmental rate only significantly associates with euploidy rates in women aged
younger than 35. Furthermore, only TE grade and blastocyst developmental rate are
significantly associated with LBRs following FET cycles.
Keywords: preimplantation genetic testing for aneuploidy, blastocyst morphology, developmental rate, euploid
rates, live birth rates
INTRODUCTION

Although the development of assisted reproductive technologies
(ARTs) has helped many couples to conceive, early embryo
arrest and recurrent pregnancy loss remain significant
challenges in the treatment of infertility (1). Recent studies
have shown that more than half of human preimplantation
embryos produced using in vitro fertilization (IVF) possess
some degree of chromosomal abnormality (2). Furthermore,
the proportion of aneuploid embryos increases significantly
with advancing maternal age (3). Therefore, a major goal of
reproductive medicine is to identify the best embryos, thereby
maximizing the rate of success of IVF-derived embryo transfer.

The traditional system of embryo grading is based on the
evaluation of morphological parameters, including the degree of
blastocoel expansion, and the grades of inner cell mass (ICM)
and trophectoderm (TE), and is widely used to select embryos
with optimal development potential. However, this system
cannot accurately evaluate the ploidy status of embryos, as
more than half of embryos of good morphological grade are
later determined as being aneuploid (4). With advances in
molecular genetic techniques and improved embryo culture
methods, preimplantation genetic testing for aneuploidy (PGT-
A) with next-generation sequencing (NGS) may be a reliable
method to improve embryo selection by identifying euploid
embryos with normal chromosomes. However, controversy
remains regarding the clinical effectiveness of PGT-A (5–7). A
randomized controlled study suggested that PGT-A reduced the
early pregnancy loss rate after the first embryo transfer (6), while
a recent trial showed that PGT-A did not improve the frequency
of cumulative live-birth (7). Preimplantation Genetic Diagnosis
(PGD) European Consortium recommended PGT-A for
advanced maternal age (AMA), recurrent implantation failure,
recurrent pregnancy loss (RPL) and severe male factor (SMF) (8).

However, it remains unclear whether conventional
parameters of embryo assessment, such as blastocyst
morphology and developmental rate, correlate with the ploidy
status of embryos. In an observational study, blastocyst
frozen–thawed embryo transfer; NGS,
reimplantation genetic testing for
injection; ICM, inner cell mass; TE,
ge; RIF, recurrent implantation failure,
MI, body mass index; FSH, follicle
rmone; HRT, hormone replacement
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morphology was found to be predictive of chromosomal status
(9). Similarly, another study reported that blastocyst morphology
was weakly associated with ploidy status (10). Additionally,
Majumdar et al. (11) concluded that day 5 blastocysts had
higher euploidy rates than day 6 blastocysts (70% vs. 34.1%).
However, the relationship between blastocyst morphology,
developmental rate, morphological parameters and pregnancy
outcomes after the transfer of euploid blastocysts is not well
understood. In 2017, Irani et al. reported that blastocyst
morphologic grading, particularly ICM grade, is a valid
predictor of pregnancy rate subsequent to frozen embryo
transfer (FET) (12). Similarly, in another study, the live birth
rates (LBRs) of day 5 euploid blastocysts were significantly
higher than those of day 6 blastocysts (13). In contrast,
Anderson et al. suggested that clinical outcomes were not
significantly influenced by embryo morphology, provided a
single euploid embryo is transferred (14).

In view of these contradictory findings, the aim of the present
study was to investigate whether blastocyst morphology and
developmental rate correlate with embryo euploidy or live birth
rates (LBRs) following an FET cycle and the transfer of euploid
embryos. Such knowledge would improve our understanding of
euploid embryo selection, and assist physicians in clinical
practice and patients undergoing PGT-A for conception.
MATERIALS AND METHODS

Study Design and Population
This was a retrospective cohort study conducted at the
Reproductive Center of the Third Affiliated Hospital of
Zhengzhou University from June 2017 to March 2021. We
only included patients who underwent first PGT-A cycles and
subsequently received first single euploid FET cycles. We
excluded cycles if the embryos underwent preimplantation
genetic diagnosis, were donated or involved women with
uterine malformation. This study was performed in accordance
with the Code of Ethics in the Declaration of Helsinki and was
approved by the Ethics Review Committee of our hospital
(protocol number 2021-WZ-010).

Ovarian Stimulation Protocol
Ovarian stimulation was performed using a gonadotropin-
releasing hormone (GnRH) antagonist protocol in patients
April 2022 | Volume 13 | Article 858042
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undergoing PGT-A cycles. Briefly, recombinant follicle-
stimulating hormone (FSH; Gonal-F, Merck Serono,
Switzerland) was administered on day 2 or 3 of the menstrual
period, and the ovarian response was monitored by transvaginal
ultrasound and determination of serum estradiol concentrations.
When the diameter of the dominant follicle reached 12–14 mm,
0.25 mg of a GnRH antagonist (Cetrotide, Merck Serono,
Switzerland) was injected to cause pituitary suppression.
Ovulation was triggered by administration of 0.2 mg
Dophereline (Ipsen Pharma Biotech, France) or 250 µg
recombinant human chorionic gonadotropin (hCG; Ovidrel,
Merck Serono, Switzerland). Ultrasound-guided oocyte
retrieval was performed 33–36 h after the triggering of ovulation.
Laboratory Protocols
Intracytoplasmic sperm injection (ICSI) was used for all cycles
included in this study, and was carried out 4–6 h after oocyte
retrieval. The presence of two equally sized pronuclei was
assessed 16–18 h after insemination. All embryos were
cultured to the blastocyst stage in Vitrolife sequential medium
(Goteborg, Sweden). Blastocyst evaluation was performed prior
to embryo biopsy. Embryologists graded the blastocysts based on
the degree of expansion and the morphology of ICM and TE
(15). The degree of expansion included the following six grades:
(1) a nonexpanded embryo with the blastocele filling <50%; (2)
the blastocele filling >50% of the embryo; (3) a full blastocyst
with a blastocoele filling the embryo; (4) an expanded
blastocyst with a blastocoele volume larger than that of the full
blastocyst, with a thinning zona; (5) a hatching blastocyst with
the TE starting to herniate through the zona; (6) a hatched
blastocyst, with the blastocyst completely escaping from the
zona. The ICM was graded as follows: (A) tightly packed with
many cells, (B) loosely gathered with several cells or (C) very few
cells. The TE was assigned one of the following grades: (A) many
cells forming a cohesive epithelium, (B) few cells establishing a
loose epithelium or (C) very few large cells. In our center, only
blastocysts with ICM grade of at least B were biopsied. We
divided blastocysts into three quality groups based mainly on
ICM and TE grades: good (4AA, 5AA, 6AA, 4AB, 5AB, 6AB,
4BA, 5BA and 6BA), average (4BB, 5BB and 6BB) and poor
(4AC, 5AC, 6AC, 4BC, 5BC and 6BC). Next, the embryos were
biopsied on day 5 or 6, depending on the time of blastulation.
Day 5 blastocysts were defined as “faster growing” and day 6
blastocysts as “slower growing.” All embryo grading was carried
out by two experienced embryologists to ensure consistency. TE
biopsies were performed as previously described (16). If patients
obtained more than 6 blastocysts, only 6 blastocysts are generally
biopsied for economic reasons. NGS on the NextSeq550 platform
(Illumina Inc., San Diego, CA), a widely used technology for 24-
chromosome aneuploidy screening based on quantitative
polymerase chain reaction (17), was used to diagnose embryos
as euploid, aneuploid or mosaic. Finally, the biopsied blastocysts
were cryopreserved using the Kitazato-based vitrification
method (18).
Frontiers in Endocrinology | www.frontiersin.org 3
Endometrial Preparation
Endometrial preparation FET included natural cycles or
hormone replacement therapy (HRT) cycles. In general,
women with regular menstrual cycles underwent natural FET
cycles in which transvaginal ultrasound was used from day 10 of
the menstrual cycle to monitor the development of the dominant
follicle and endometrial thickness. Embryo transfer was
performed on day 5 after a positive urinary urine luteinizing
hormone test. Subsequently, 10 mg oral dydrogesterone
(Duphaston; Solvay Pharmaceuticals BV) was administered
three times daily from the day after ovulation to support the
luteal phase. Patients who underwent HRT FET cycles took 4–8
mg estradiol valerate (ValieraVR; Laboratories Recalcine) daily
for 12 days from day 3 of the menstrual cycle. When the
endometrium measured ≥ 7 mm in thickness, as monitored by
transvaginal ultrasound, twice-daily 10 mg oral dydrogesterone
(Duphaston; Solvay Pharmaceuticals BV) and daily 90 mg
progesterone sustained-release vaginal gel (Xenotong, Merck
Sherano, Switzerland) daily was initiated. On day 6 of
progesterone administration, a single euploid embryo was
transferred. If pregnancy occurred, luteal support was
continued until 7 weeks of gestation.
Outcome Measures
Primary outcomes were euploidy rates and LBRs. Women
receiving PGT-A cycles were divided into two age groups: < 35
and ≥ 35 years old. Euploidy rates were compared for different
blastocyst morphology (good, average and poor) and
developmental rates (days 5 and 6) within the same age group.
Euploidy rates were calculated as the number of euploid embryos
with 46 chromosomes divided by the total number of biopsied
embryos with genetic results. The primary endpoint was LBRs
after single-euploid FET. The LBRs were defined as the number
of live births divided by the sum of embryo transfer cycles
included in the cohort.
Statistical Analysis
All statistical analyses were performed using SPSS 25.0 statistical
software (IBM, United States) and the figures were produced
using GraphPad Prism 9 software. Continuous variables were
tested for normality and are expressed as means ± standard
deviations, and were compared using Student’s t-tests or Mann–
Whitney U tests. Categorical variables are shown as percentage
frequencies, and chi-squared tests were performed to identify
statistically significant differences. The association between
blastocyst morphology and developmental rate and the
occurrence of euploidy was studied using generalized
estimating equations analysis to adjust for the embryos derived
from the same patient. Multivariate logistic analysis was used to
investigate the effect of blastocyst morphology, developmental
rate and morphological parameters on LBRs. Odds ratios (ORs)
with 95% confidence intervals (CIs) were calculated to control for
confounding factors. P < 0.05 was considered statistically significant.
April 2022 | Volume 13 | Article 858042
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RESULTS

Four hundred and thirty-one PGT-A cycles, during which 1,872
available blastocysts were generated and 1,647 embryos were
biopsied for ploidy status and which were followed by 393 first
FET cycles, were included in the data analysis. The mean
maternal age of the patients was 32.04 ± 5.18 years. The
embryological characteristics and clinical outcomes are listed
in Table 1. Forty-seven of the biopsied blastocysts gave no
genetic result (2.85%) due to failed amplification. The overall
euploidy, aneuploidy and mosaic rates of the embryos were
40.44%, 47.13% and 12.44%, respectively.

Euploidy rates for all age groups are shown in Supplementary
Figure. The generalized estimating equations analysis revealed
that compared with poor-quality blastocysts, good-quality
blastocysts (60.00% vs. 31.64%; OR 2.900, 95% CI 2.130–3.948;
Frontiers in Endocrinology | www.frontiersin.org 4
P < 0.001) and average-quality blastocysts (47.98% vs. 31.64%;
OR 1.828, 95% CI 1.445–2.312; P < 0.001) had significantly
higher euploidy rates after adjusting for blastocyst developmental
rate, maternal age, maternal BMI, duration of infertility, type of
infertility, infertility diagnosis, number of prior pregnancies,
indication for PGT-A and basal FSH. Besides, day 5 blastocysts
were associated with higher euploidy rates than day 6 blastocysts
(48.49% vs. 34.72%; OR 1.431, 95% CI 1.155–1.772; P= 0.001)
after adjusting for blastocyst morphology, maternal age,
maternal BMI, duration of infertility, type of infertility,
infertility diagnosis, number of prior pregnancies, indication
for PGT-A and basal FSH. Meanwhile, in order to eliminate
the embryos derived from the same patient, we performed
generalized estimating equations analysis to further assess the
association between blastocyst morphology/developmental rate
and euploidy rate. After adjusted for blastocyst morphology,
developmental rate, maternal age, maternal BMI, duration of
infertility, type of infertility, infertility diagnosis, number of prior
pregnancies, indication for PGT-A and basal FSH, blastocyst
morphology and developmental rate are still associated with
euploidy rate (Supplemental Table).

The association between women’s age and euploidy rate was
evaluated in Figure 1. Euploidy rate was start to gradually
decline in women older than 35 years of age.

Euploidy rates for the two different age groups are shown in
Figure 2. In the <35 years age group, blastocyst morphology was
not associated with the age of patients, and the corresponding
age of good, average and poor-quality embryos were 29.40±2.86,
29.27±2.83 and 29.09±3.01, respectively (P=0.349). Compared
with poor-quality blastocysts (236/727), good-quality blastocysts
(117/186) (62.90% vs. 32.46%; OR 2.818, 95% CI 1.401–5.665;
P=0.004) and average-quality blastocysts (184/394) (46.70% vs.
32.46%; OR 1.669, 95% CI 1.286–2.166; P< 0.001) yielded
significantly higher euploidy rates after adjusting for blastocyst
developmental rate, maternal age, maternal BMI, duration of
infertility, type of infertility, infertility diagnosis, number of prior
pregnancies, indication for PGT-A and basal FSH. Additionally,
day 5 blastocysts (274/556) were associated with higher rates of
euploidy than day 6 blastocysts (263/751) (49.28% vs. 35.02%;
OR 1. 496, 95% CI 1.181–1.894; P = 0.001) after adjusting for
blastocyst morphology, maternal age, maternal BMI, duration of
infertility, type of infertility, infertility diagnosis, number of prior
pregnancies, indication for PGT-A and basal FSH.

Similarly, in the ≥ 35 years age group, compared with poor-
quality blastocysts (50/205), good-quality blastocysts (18/43)
(41.86% vs. 24.39%; OR 2.131, 95% CI 1.071–4.242; P = 0.048)
and average-quality blastocysts (42/92) (45.65% vs. 24.39%; OR
2.722, 95% CI 1.566–4.732; P = 0.003) had significantly higher
euploidy rates after adjusting for developmental rate, maternal
age, maternal BMI, duration of infertility, type of infertility,
infertility diagnosis, number of prior pregnancies, indication
for PGT-A and basal FSH. However, the difference in euploidy
rates between the day 5 (48/125) and day 6 (62/215) blastocysts
was not statistically significant (38.40% vs. 28.84%; OR = 1.135,
95% CI 0.677–1.903; P = 0.630) after adjusting for blastocyst
morphology, maternal age, maternal BMI, duration of
TABLE 1 | Embryological and clinical outcomes in patients who underwent
PGT-A cycles.

Characteristic Description

Number of PGT-A cycles (n) 431
Maternal age (years) 32.04 ± 5.18
Maternal BMI (kg/m2) 23.81 ± 3.05
Duration of infertility (years) 2.90 ± 1.99
Type of infertility, n (%)
Primary 108 (25.06)
Secondary 323 (74.94)

Infertility diagnosis, n (%)
Tubal factor 155 (35.96)
Male factor 126 (29.23)
Diminished ovarian reserve 61 (14.15)
Combined factor 64 (25.06)
Unexplained factor 25 (5.80)

Number of prior pregnancies (n) 2.07 ± 1.82
Number of prior embryos transfer (n) 1.28 ± 0.65
Number of prior successful transfer (n) 0.67 ± 0.50
Indication for PGT-A, n (%)
AMA 45 (10.44)
RIF 89 (20.65)
RPL 111 (25.75)
Combined indication 186 (43.16)

Basal FSH 6.57 ± 2.16
Number of oocytes retrieved (n) 6,481
Number of mature oocytes (n) 4,885
Number of 2PN cleavages (n) 3,997
Number of available blastocysts generated 1872
Number of blastocysts biopsied (n) 1,647
Blastocysts with no genetic results (n,%) 47 (2.85)
Results of 1,600 blastocysts biopsied (n, %)
Euploid 647 (40.44)
Aneuploid 754 (47.13)
Mosaic 199 (12.44)

Number of euploid FETs (n,%) 393
Implantation rate 234/393 (59.54)
Miscarriage rate 36/234 (15.38)
Live birth rate 198/393 (50.38)
Values are presented as means ± standard deviations or n (%). BMI, body mass index;
PGT-A, preimplantation genetic testing for aneuploidy; FSH, follicle-stimulating hormone;
AMA, advanced maternal age; RIF, recurrent implantation failure; RPL, recurrent
pregnancy loss.
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infertility, type of infertility, infertility diagnosis, number of
prior pregnancies, indication for PGT-A and basal FSH.

Only 393 cycles progressed to first single-euploid FET; 198 of
these ended with live birth and 195 did not achieve live birth. The
characteristics of patients who underwent FET cycles are
summarized in Table 2. The possibility of live birth was not
significantly influenced by maternal age, duration of infertility,
type of infertility, infertility diagnosis, number of prior
pregnancies, number of prior embryos transfer, number of
prior successful transfer, indications for PGT-A or basal FSH
(P > 0.05). The proportions of natural FET cycles and maternal
body mass index (BMI) were significantly higher in the no live
birth group than in the live birth group (P < 0.05). Endometrial
Frontiers in Endocrinology | www.frontiersin.org 5
thickness on transfer day was also found to be significantly lower
in the no live birth group than in the live birth group (P < 0.05).

Finally, to determine whether conventional blastocyst
morphology, developmental rate and morphological parameters
influenced LBRs, a multivariate logistic regression was performed
after adjusting for confounding factors (maternal age, maternal
BMI, type of infertility, infertility diagnosis, number of prior
pregnancies, endometrial preparation protocols and endometrial
thickness on transfer day), as shown in Table 3. We found that the
odds of a live birth were significantly higher for A-grade TE
blastocysts than for C-grade TE blastocysts (62.71% vs. 45.40%;
OR 2.212, 95% CI 1.164–4.201; P = 0.015). Moreover, the
likelihood of live birth was significantly higher for day 5 euploid
FIGURE 1 | Embryo euploidy according to women’s age.
A B

FIGURE 2 | Comparison of euploidy rates by blastocyst morphology and developmental rates in the two age groups. (A) odds ratio was adjusted for blastocyst
developmental rate, maternal age, maternal BMI, duration of infertility, type of infertility, infertility diagnosis, number of prior pregnancies, indication for PGT-A and
basal FSH; (B) odds ratio was adjusted for blastocyst morphology, maternal age, maternal BMI, duration of infertility, type of infertility, infertility diagnosis, number
of prior pregnancies, indication for PGT-A and basal FSH. P values are adjusted p values.
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blastocysts compared to day 6 euploid blastocysts (57.75% vs.
41.67%; OR 2.247, 95% CI 1.460–3.460; P<0.001). However,
blastocyst morphology, the degree of blastocoele expansion and
ICM grade were not significantly associated with LBRs.
DISCUSSION

This study determined the effects of blastocyst morphology and
developmental rate on embryo euploidy and LBRs following FET
cycles. We found that compared to poor-quality embryos, both
Frontiers in Endocrinology | www.frontiersin.org 6
good and average-quality embryos yield significantly higher
euploidy rates for patients of the same age group. We also
found that faster-growing embryos (day 5) have a greater
likelihood of euploidy than slower-growing embryos (day 6),
especially when maternal age is less than 35 years. TE grade and
developmental rate had the strongest association with live birth.

It is well known that maternal age is a significant factor
affecting pregnancy outcomes, both in ART and spontaneous
conceptions. The age-related decline in reproductive ability is
attributed to a decline in ovarian reserve and an increase in
aneuploidy rates (19). Given this, we stratified the patients by age
TABLE 2 | Patient characteristics of transferred frozen-thawed euploid blastocysts in terms of birth outcome.

Parameters Live birth (n = 198) No live birth (n = 195) P value

Maternal age (years) 31.12 ± 4.76 32.05 ± 4.70 0.052
Maternal BMI (kg/m2) 23.77 ± 3.06 24.64 ± 3.00 0.005
Duration of infertility (years) 2.78 ± 1.89 2.94 ± 2.09 0.425
Type of infertility, n (%) 0.245
Primary 58 (29.29) 47 (24.10)
Secondary 140 (70.71) 148 (75.90)

Infertility diagnosis, n (%) 0.979
Tubal factor 74 (37.37) 70 (35.90)
Male factor 57 (28.79) 60 (30.77)
Diminished ovarian reserve 27 (13.64) 29 (14.87)
Combined factor 29 (14.65) 26 (13.33)
Unexplained factor 11 (5.56) 10 (5.13)

Number of prior pregnancies (n) 1.87 ± 1.68 2.22 ± 1.97 0.065
Number of prior embryos transfers (n) 1.25 ± 0.63 1.23 ± 0.51 0.706
Number of prior successful transfers (n) 0.60 ± 0.55 0.56 ± 0.52 0.908
Indication for PGT-A, n (%) 0.411
AMA 15 (7.58) 23 (11.79)
RIF 44 (22.22) 36 (18.46)
RPL 52 (26.26) 46 (23.59)

Combined indications 87 (43.94) 90 (47.18)
Basal FSH (IU/L) 6.38 ± 2.34 6.28 ± 2.47 0.683
Endometrial preparation protocols, n (%) 0.022
Natural 94 (47.47) 115 (58.97)
HRT 104 (52.53) 80 (41.03)

Endometrial thickness on transfer day (mm) 9.32 ± 1.53 8.82 ± 1.54 0.001
April 2022 | Volume 13 | Article
Values are presented as means ± standard deviations or n (%). BMI, body mass index; PGT-A, preimplantation genetic testing for aneuploidy; FSH, follicle-stimulating hormone; AMA,
advanced maternal age; RIF, recurrent implantation failure; RPL, recurrent pregnancy loss; HRT; hormone replacement therapy.
TABLE 3 | Multiple logistic regression analysis of the association between live birth rate, blastocyst grade and developmental rates in single-euploid embryo transfer cycles.

Variable Value Live birth (%) OR (95% CI) P value

Blastocyst
Good 55.56 (50/90) 1.689 (0.980–2.909) 0.059
Average 53.49 (69/129) 1.423 (0.886–2.287) 0.145
Poor 45.40 (79/174)

ICM
A 56.06 (37/66) 1.540 (0.875–2.711) 0.134
B 49.24 (161/327)

TE
A 62.71 (37/59) 2.212 (1.164–4.201) 0.015
B 51.25 (82/160) 1.341 (0.857–2.099) 0.199
C 45.40 (79/174)

Developmental rate
Day 5 57.75 (123/213) 2.247 (1.460–3.460) <0.001
Day 6 41.67 (75/180)
OR, odds ratio; CI, confidence interval; ICM, inner cell mass; TE, trophectoderm. The values for LBRs are adjusted for maternal age; maternal body-mass index; type of infertility; infertility
diagnosis; number of prior pregnancies; endometrial preparation protocols and endometrial thickness on embryo transfer day.
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group to investigate whether blastocyst morphology and
developmental rate are associated with euploidy rates. We
found that poor-quality embryos had a reduced rate of
euploidy compared to good and average-quality embryos from
within the same age group. This finding is in agreement with a
recent study that reported embryos with better morphological
scores showed a higher euploidy rate than embryos of lower
quality (9). Nevertheless, traditional morphology based selection
should not be relied on to ensure transfer of euploid blastocysts,
as a significant proportion of aneuploid embryos exhibit good
morphology according to the criteria used.

Another embryological parameter analyzed in this study was
the developmental rate at which each embryo reached the
blastocyst stage. Embryos reaching the expanded blastocyst
stage by day 5 had higher euploidy rates than those that did so
by day 6. However, the timing of blastocyst formation was not
linked to chromosomal ploidy status in women aged older than
35. We therefore suggest that morphology is a more reliable
parameter than the speed of blastocyst formation for predicting
embryo chromosomal status, especially in AMA women.

We found that the possibility of live birth was not
significantly influenced by maternal age. Consistent with Irani
et al. previously published study, maternal age did not influence
the implantation potential of euploid embryos (20). However,
Reig et al. demonstrated that increasing maternal age is
associated with diminished live birth rates when analyzing only
euploid embryo transfers (21). The effects of blastocyst
morphology and developmental rate on LBRs can be
interpreted as an indirect indicator of their effects on embryo
development and implantation potential. It seems reasonable to
assume that once euploid blastocysts are transferred, pregnancy
outcome is independent of blastocyst morphology. A recent
retrospective cohort study showed that maternal age, blastocyst
morphology and day of biopsy are all associated with sustained
implantation rate even after euploid embryos are transferred
(22). Indeed, we found that blastocyst morphology is not
associated with embryo survival: the LBRs of poor-quality
euploid blastocysts were comparable to those of blastocysts
scored as good or average quality. Thus, morphology does not
appear to be reliable predictor of live birth if multiple euploid
embryos are available for transfer.

The LBRs of embryos with different developmental rates were
found to be significantly different, suggesting that embryo
developmental rate correlates with survival potential. Our
findings are consistent with the results of Irani et al., who
reported that day 5 euploid embryos had higher LBRs than day
6 embryos (13). This may reflect a higher survival rate of faster
developing (i.e., day 5) embryos or improved synchronization
between the embryo and the endometrium on day 5. However, in
contrast, a retrospective cohort study demonstrated that day 5
and 6 euploid embryos yielded the same LBRs (23).

It is widely known that the Gardner and Schoolcraft grading
system consists of three criteria: the degree of blastocoel
expansion and the qualities of the ICM and TE (24). Previous
research findings conflict on which parameters are associated
with blastocyst transfer outcomes. Some studies have suggested
Frontiers in Endocrinology | www.frontiersin.org 7
that ICM quality might be a key factor in determining the LBR
(25, 26). Indeed, as the ICM itself contributes to the fetal tissue, it
is theorized that ICM grade should be the most important
morphological feature influencing transfer outcomes. However,
a recent publication reported that blastocoele expansion is the
most significant morphological predictor of live birth after single
blastocyst FET (27). In the current retrospective cohort study, we
found that LBRs for A-grade TE euploid blastocysts are higher
than those for C-grade TE euploid blastocysts, suggesting that TE
grade influences embryo developmental competence. In line with
this, numerous studies have reported that TE grade can be used
as an independent and accurate predictor of pregnancy outcomes
(28–30). The TE differentiates into the placenta, which requires
healthy TE to be capable of invading the endometrium and
initiating the complex implantation process required to maintain
a healthy pregnancy. Additionally, it was shown that embryos
with higher TE grades secrete hCG earlier than those with lower
TE grades, with such secretion being essential for embryo
implantation and embryo–endometrium cross-talk (31).

As all PGT-A and FET cycles included in this study were
performed at a single reproductive center, the reliability of our
results is increased. Second, embryo scoring was performed by
two experienced embryologists, each of whom had 5 years of
experience. Third, we only included single-euploid embryo
transfer cycles, which may have eliminated additional
confounding factors that might influence outcomes. However,
this study also has some limitations. First, a retrospective cohort
study design has its inherent limitations. Second, if more than
one euploid embryo is available for transfer, blastocysts with
good quality are prioritized, which might have led to selection
bias. Additional prospective studies of larger sample size are
required to validate our current findings.

CONCLUSION

In conclusion, euploidy rates after NGS were found to be lower
for poor-quality embryos than for average-quality or good-
quality embryos. Increased rates of euploidy were seen for
faster-developing (i.e. day 5) embryos but only in women aged
younger than 35. Moreover, blastocyst developmental rate and
TE grade were associated with the highest probability of live birth
after transfer of a single euploid embryo.
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