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neonatal sex ratio
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Embryo developmental rate and morphological grading are strongly associated with implantation
potential. However, it remains unclear whether these parameters influence neonatal sex, which may be
affected by embryo selection criteria. The aim of this study was to investigate the influence of embryo
developmental rate and morphological grading on neonatal sex. This single-center retrospective
study included 4278 singleton live births resulting from single embryos transfers, conducted between
2011 and 2024. Binary logistic regression was performed to evaluate the association between embryo
developmental rate, morphological grading, and neonate sex. A significantly higher proportion of
male live births was observed in blastocyst-stage transfers (55.3%) compared to cleavage-stage
transfers (50.9%; P=0.005). Multivariable logistic regression analysis revealed that day 5 blastocyst
transfers were significantly associated with a higher likelihood of male neonates compared to day 3
embryo transfers (Adjusted odds ratio (aOR), 1.21; 95% confidence intervals (Cl), 1.02-1.43; P=0.027).
Furthermore, day 5 blastocysts with expansion stages 4 and 5 showed 2.30-fold and 2.71-fold
increased probabilities of male neonates, respectively, compared to expansion stage 3 blastocysts
(aOR, 2.30; 95% Cl, 1.44-3.68; aOR, 2.71; 95% Cl, 1.54-4.77; P=0.001). Additionally, TE grades B

and C blastocysts demonstrated 39% and 57% reduced probabilities of male neonates, respectively,
compared to TE grade A blastocysts in day 5 transfers (aOR, 0.61; 95% Cl, 0.48-0.79; aOR, 0.43; 95%
Cl, 0.28-0.65; P<0.001). In conclusion, the blastocyst transfer may influence neonatal sex ratios,
particularly in day 5 blastocysts with expansion stages 4-5 and high TE scores.
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An estimated 13 million or more babies have been born worldwide through assisted reproductive technology
(ART), with this number continues to increase!. This growth underscores the importance of investigating
the health outcomes and gender distribution of ART-conceived infants. Concerns regarding ART’s potential
impact on the secondary sex ratio (SSR), defined as the proportion of male live births among all live births, have
prompted extensive research into SSR patterns among ART-conceived neonates®™.

Human embryonic development progresses from cleavage to the morula stage, ultimately forming a hollow,
spherical blastocyst capable of uterine implantation. Embryonic growth rate and morphological parameters
serve as critical selection criteria for embryo transfer. Virtually all clinics employ morphological assessment
to optimize in vitro fertilization (IVF) success rates, though this approach may have unintended neonatal
consequences. Previous research has shown that single blastocyst transfer (BT) involving high-quality inner
cell mass (ICM) in frozen cycles is associated with an increased risk of preterm birth®. Additionally, there is a
growing trend toward extended embryo culture to day 5 or 6 and BT, however, BT are associated with a higher
likelihood of male neonates compared to cleavage-stage embryo transfers®’.

This phenomenon may be attributed to the faster developmental rate of male embryos, potentially resulting
in a greater proportion reaching the blastocyst stage and being selected for transfer’~1. Nevertheless, the
underlying causes of this gender imbalance remain unclear and may associate with patient-related factors,
ART techniques, or embryonic characteristics. The association between BT and sex ratio is also inconsistent
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across studies, with some reporting no significant link and suggesting potential influence from confounding
variables>!!-13. Therefore, further investigation on the relationship between embryo developmental rate,
morphological parameters, and SSR is needed. This study aimed to evaluate whether the day of transfer, embryos
developmental rate, morphological parameters of cleavage-stage embryos, and trophectoderm (TE) and ICM
scores of blastocysts are associated with SSR at birth.

Materials and methods
Participants
Data for this retrospective analysis of neonatal sex ratios were collected from the Center for Reproductive
Medicine between 2011 and 2024. The study included 4278 singletons resulting from fresh / frozen cycles
involving the transfer of single embryos. Exclusion criteria were: (1) cycles involving pre-implantation genetic
testing (PGT); (2) use of donor gametes (oocytes or sperm).

This study protocol was reviewed and approved by Ethics Committee of the 901st Hospital of the Joint
Logistics Support Force of PLA (IRB number: LY2023YGZDO06). All methods are conducted in accordance with
the principles of the Declaration of Helsinki and the relevant guidelines and regulations.

Demographic characteristics

The study variables included neonatal sex, parental age, maternal body mass index (BMI), infertility type (primary
or secondary), ovarian stimulation (OS) protocol (agonist or antagonist), sperm separation method (swim-up or
density gradient centrifugation), insemination method (conventional IVF [C-IVF] or intracytoplasmic sperm
injection [ICSI]), cycle type (fresh or frozen), stage of embryo transfer (cleavage-stage or blastocyst), embryo
developmental rate (for cleavage-stage embryos: number of blastomeres on day 3 at transfer; for blastocyst-stage
embryos: expansion stages 3-5 achieved by day 5 or day 6), and morphological parameters. For cleavage-stage
embryos, morphological grading was defined as: good (< 10% fragmentation with even symmetry), fair (11-
20% fragmentation with moderate asymmetry), and poor (21-50% fragmentation with severe asymmetry). For
blastocyst-stage embryos, ICM and TE were graded as A, B, or C based on Gardner’s scoring system!*.

The blastocyst expansion stage was defined as follows: 1=early blastocyst (blastocoel <50% of the embryo
volume); 2 =blastocyst (blastocoel fills 50% of the embryo volume); 3 =full blastocyst (blastocoel >50% of the
embryo volume); 4=expanded blastocyst (blastocoel larger than the embryo with thinning zona pellucida);
5=hatching blastocyst (trophectoderm herniating through the zona pellucida); 6 = hatched blastocyst (blastocyst
completely escaped from the zona pellucida). The ICM and TE was graded as follows: ICM: A = many tightly
packed cells; B =several loosely packed cells; C = very few cells. TE: A =many cells forming a cohesive epithelium;
B =several cells organized in a loose epithelium; C=very few large cells. To minimize inter-observer variation in
embryo grading, embryos are assessed by at least two trained embryologists.

Ovarian stimulation and fertilization

OS protocols were conducted using either gonadotropin-releasing hormone (GnRH) antagonist or agonist
regimens, as previously described!®. Briefly, gonadotropin (Gn) dosing was adjusted during ovarian stimulation
based on follicular growth and serum hormone monitoring. Ovulation was triggered with human chorionic
gonadotropin (hCG) when at least three follicles reached a diameter of > 18 mm. Transvaginal ultrasound-
guided oocyte retrieval was performed approximately 36 h post-trigger. Fertilization was accomplished via
C-IVF or ICSI, based on semen analysis results.

Vitrification and warming

Embryo vitrification and warming were performed using a commercial kit (Kitazato, Japan) according to the
manufacturer’s instructions. In brief, prior to vitrification, blastocysts were subjected to artificial shrinkage
via laser-assisted collapse. Embryos were first placed in equilibration solution (ES) for 8-10 min, followed by
exposure to vitrification solution (VS) for 1 min. Embryo was then loaded onto a Cryotop device (Kitazato,
Japan) and immediately plunged into liquid nitrogen.

For warming, the Cryotop was rapidly transferred from liquid nitrogen into thawing solution (TS) at
37 °C for approximately 1 min. The embryo was subsequently placed in diluent solution (DS) for 3 min at
room temperature, followed by two sequential washes in washing solution (WS) for 5 min each. After warming,
embryos were cultured in G2-plus medium (Vitrolife, Sweden) before embryo transfer.

Embryo transfer

A single embryo was transferred under abdominal ultrasound guidance using a Wallace catheter. All patients
subsequently received luteal phase support with oral dydrogesterone administered at a dosage of 10 mg twice
daily.

Outcomes and data variables
The primary outcome was SSR (the proportion of male live births among all live births) following SET. This study
exclusively enrolled singleton births, with monozygotic twin pregnancies excluded from analysis.

Statistical analyses

All statistical analyses were performed using SPSS software (version 26.0; IBM Corp., Armonk, NY, USA).
Continuous variables were expressed as mean + standard deviation (SD) and compared using Student’s t-test.
Categorical variables were presented as frequencies and percentages (%, n/N) and analyzed using the Chi-square
test. Multivariate binary logistic regression analyses were performed to evaluate the association between cycle
type, embryo developmental rate, morphological grading, and neonate sex. The adjusted model included parental
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age, maternal BMI, infertility type, sperm separation method, insemination method, cycle type. Adjusted odds
ratio (aOR) and 95% confidence intervals (CI) were calculated as a measure of strength of associations. P<0.05
was considered statistically significant.

Results

Between 2011 and 2024, a total of 4278 singleton live births were included in this study, comprising 2293
male and 1985 female neonates, resulting in a male ratio of 53.6%. Baseline characteristics and sex ratios are
presented in Table 1. No significant differences in neonatal sex ratios were observed for parental age, maternal
BM]I, infertility type, OS protocol, sperm separation method, or insemination technique, etc. However, BT
demonstrated a significantly higher SSR compared to cleavage-stage embryo transfers (55.3% [1451/2624] vs.
50.9% [842/1654]; P=0.005). Additionally, frozen-frozen cycles showed a higher SSR than fresh cycles (54.9%
[1406/2562] vs. 51.7% [887/1716]; P=0.040).

As shown in Table 2, multivariate binary logistic regression was performed to evaluate the association between
fresh/frozen cycles, embryo developmental stage (day 3, day 5, and day 6), and SSR. The analysis revealed that
day 5 BT was significantly associated with a higher SSR compared to day 3 embryo transfer (aOR, 1.21; 95% CI,
1.02-1.43; P=0.027). However, no significant difference in SSR was observed between frozen and fresh cycles
(aOR, 1.10; 95% CI, 0.94-1.30; P=0.246), or between day 6 BT and day 3 embryo transfer (aOR, 1.04; 95% CI,
0.79-1.37; P=0.775).

In fresh cycles, the distribution of embryo transfers was as follows: day 3 (77.9%; 1337/1716), day 5 (21.9%;
376/1716), and day 6 (0.2%; 3/1716). In frozen cycles, the distribution was: day 3 (12.4%; 317/2562), day 5 (74.7%;
1915/2562), and day 6 (12.9%; 330/2562). A statistically significant difference was observed in the distribution of
embryo transfers on days 3, 5, and 6 between fresh and frozen cycles (P<0.0001) (Fig. 1).

Characteristics All infants | Boys Girls SSR (%) | P value
Total, n 4278 2293 1985 53.6

Maternal age (years) 30.6+4.6 | 30.7+4.5 | 30.6+4.7 0.723
Maternal age range, n 0.266
<35 3415 1845 1570 54.0

=35 863 448 415 51.9

Body-mass index 23.2+35 23.1+3.6 | 23.3+3.5 0.244
Paternal age (years) 322453 | 322453 | 32.2£53 0.925
Paternal age range, n 0.461
<35 2970 1603 1367 54.0

=35 1308 690 618 52.8

Type of infertility, n 0.937
Primary 1923 1032 891 53.7

Secondary 2355 1261 1094 53.5

Type of ovarian stimulation, n protocol, n 0.873
Agonist 1721 925 796 53.7

Antagonist 2557 1368 1189 53.5

Methods of sperm separation, n (%) 0.240
Swim-up 1970 1075 895 54.6

DGC 2308 1218 1090 52.8
Insemination method, n 0.298
C-IVF 3323 1767 1556 53.2

ICSI 955 526 429 55.1

Stage of embryo transferred, n (%) 0.005
Cleavage 1654 842 812 50.9

Blastocyst 2624 1451 1173 55.3

Extended culture time, n 0.152
Day 5 2291 1279 1012 55.8

Day 6 333 172 161 51.7

Type of cycle, n 0.040
Fresh 1716 887 829 51.7

Frozen 2562 1406 1156 54.9

Table 1. Characteristics and sex ratio of singletons at birth (mean +SD or %). DGC, density gradient
centrifugation; ICSI, intracytoplasmic sperm injection; C-IVE conventional in vitro fertilization; SSR,
secondary sex ratio.
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Univariate OR (95% CI) | Multivariate OR (95% CI) | Adjusted P
Fresh cycles Refer.
Frozen cycles 1.14 (1.01-1.29) 1.10 (0.94-1.30) 0.246

Embryo developmental stage

Cleavage-stage (day 3) | Refer.
Blastocyst-stage (day 5) | 1.22 (1.07-1.38) 1.21 (1.02-1.43) 0.027
Blastocyst-stage (day 6) | 1.04 (0.82-1.31) 1.04 (0.79-1.37) 0.775

Table 2. Association between fresh/ frozen transfer cycles, embryo developmental stage and SSR multivariate
OR and adjusted P controlled for parental age, maternal BMI, ovarian stimulation protocols, infertility
diagnoses, sperm separation methods, and insemination methods.

I Day 3 embryo transfer (ET)
B Day5ET
I Day6 ET

0.2% (Day 6 ET)
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Fresh Frozen

Fig. 1. Proportion of day 3, day 5 and day 6 embryos transfers in fresh and frozen cycles.

Compared to the reference 7-9 cells group, <6, 10-12, or >13 cell groups did not increase the likelihood
of male neonates. Similarly, compared to the reference good morphology group, neither the fair nor poor
morphology groups were associated with an increased likelihood of male neonates (P>0.05) (Table 3).

In day 5 embryo transfers, the SSR varied significantly with developmental rate. Blastocysts with expansion
stage 4 (aOR, 2.30; 95% CI, 1.44-3.68; P=0.001) or 5 (aOR, 2.71; 95% CI, 1.54-4.77; P=0.001) showed a
higher likelihood of male neonates compared to those with expansion stage 3. Additionally, TE grades B and C
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‘ Univariate OR (95% CI) | Multivariate OR (95% CI) | Adjusted P
Blastomere number
7-9 cells Refer.
<6 cells 0.97 (0.49-1.91) 0.93 (0.46-1.89) 0.843
10-12 cells 1.59 (0.81-3.12) 1.68 (0.84-3.37) 0.145
>13 cells or compacting | 0.39 (0.08-2.01) 0.37 (0.07-1.97) 0.246
Grading
Good Refer.
Fair 0.92 (0.71-1.19) 0.93 (0.71-1.22) 0.595
Poor 1.27 (0.44-3.68) 1.27 (0.43-3.75) 0.671

Table 3. Embryo developmental rate and morphological grading associated with SSR in day 3 embryo
transfer cycles. Multivariate OR and adjusted P controlled for parental age, maternal BMI, ovarian stimulation
protocols, infertility diagnoses, sperm separation methods, insemination methods and cycle type.

Univariate OR (95% CI) | Multivariate OR (95% CI) | Adjusted P
Expansion stage
3 | Refer.
4 |2.11(1.34-3.32) 2.30 (1.44-3.68) 0.001
5 |2.56(1.48-4.41) 2.71 (1.54-4.77) 0.001
ICM
Refer.
B | 1.05 (0.86-1.27) 1.22 (0.99-1.51) 0.069
0.89 (0.57-1.37) 1.04 (0.66-1.64) 0.870
TE
Refer.
B | 0.68 (0.54-0.86) 0.61 (0.48-0.79) <0.001
0.47 (0.31-0.71) 0.43 (0.28-0.65) <0.001

Table 4. Embryo developmental rate and morphological grading associated with SSR in day 5 blastocyst
transfer cycles. Multivariate OR and adjusted P controlled for parental age, maternal BMI, ovarian stimulation
protocols, infertility diagnoses, sperm separation methods, insemination methods and cycle type. ICM, inner
cell mass; TE, trophectoderm.

blastocysts demonstrated 39% and 57% reduced probabilities of male neonates, respectively, compared to TE
grade A blastocysts in day 5 transfers (aOR, 0.61; 95% CI, 0.48-0.79; aOR, 0.43; 95% CI, 0.28-0.65; P<0.001).
However, no significant association was observed between ICM grades and the neonatal sex (P>0.05) (Table 4).

In day 6 embryo transfers, adjusted analysis revealed no significant association between expansion stage
(3-5), ICM grade (A-C), or TE grade (A-C) and the SSR (P> 0.05) (Table 5).

Discussion

Embryo morphology and developmental rate are well-established critical determinants of successful implantation.
However, embryologists and clinicians frequently prioritize morphological grading when selecting embryos,
often neglecting the potential influence of developmental rate and morphological characteristics on neonate
while focusing on maximizing success rates. In this study, our main findings demonstrate that BT is associated
with an increased likelihood of male neonates compared to cleavage-stage embryos transfer, consistent with
previous studies!®!”. Further, day 5 blastocysts with expansion stages 4 and 5 exhibited 2.30-fold and 2.71-fold
increased probabilities of male neonates, respectively, compared to expansion stage 3 blastocysts. Additionally,
TE grades B and C blastocysts demonstrated 39% and 57% reduced probabilities of male neonates, respectively,
compared to TE grade A blastocysts in day 5 transfers.

The primary limitation of this study is its single-center design, which may restrict the generalizability of
findings compared to multicenter studies or national database analyses. The single-center design offers distinct
advantages, including reduced confounding factors, standardized embryo grading criteria, and minimal inter-
and intra-observer variability, thereby enhancing internal consistency offering comparable results. Furthermore,
potential bias from confounders was minimized through adjusted regression models controlling for parental
age, maternal BMI, types of ovarian stimulation protocol and infertility, sperm separation method, insemination
method, and cycle type. Additionally, this study spanned an extended period, during which significant
modifications were implemented to the protocols for cumulus cell denudation and embryo transfer to GIPLUS
medium (Vitrolife). Initially, a subset of 3-5 oocytes was denuded at 4 h post-insemination (hpi) to assess
fertilization status (confirmed by the presence of two polar bodies) and determine the need for rescue ICSI
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‘ Univariate OR (95% CI) | Multivariate OR (95% CI) | Adjusted P

Expansion stage
3 | Refer.
4 | 1.48 (0.24-8.99) 1.71 (0.27-10.86) 0.568
5 |2.46(0.38-15.87) 3.0 (0.44-20.45) 0.261
ICM
A | Refer.
B | 1.59 (0.66-3.86) 2.11 (0.77-5.80) 0.147
C | 1.58 (0.56-4.41) 2.29 (0.74-7.12) 0.152
TE

Refer.
B | 1.32(0.46-3.75) 1.12 (0.34-3.70) 0.851

0.95(0.31-2.93) 0.86 (0.25-2.97) 0.807

Table 5. Embryo developmental rate and morphological grading associated with SSR in day 6 blastocyst
transfer cycles. Multivariate OR and adjusted P controlled for parental age, maternal BMI, ovarian stimulation
protocols, infertility diagnoses, sperm separation methods, insemination methods and cycle type. ICM, inner
cell mass; TE, trophectoderm.

(threshold: 260% of oocytes lacking two polar bodies). Unless rescue ICSI was required, the remaining oocytes
were transferred to GIPLUS medium the following day. To minimize oocyte exposure and manipulation, the
protocol was revised in 2017: all oocytes are now fully denuded at 4 hpi, uniformly assessed for rescue ICSI
eligibility, and fertilized oocytes are transferred immediately to G1PLUS medium.

The sex ratio at birth serves as a crucial indicator of population health and fertility. Over the past four decades,
the number of ART-conceived births has increased exponentially, necessitating investigation into whether
laboratory techniques or clinical OS protocols influence neonatal sex ratios. Previous studies have reported ART
associated sex ratio imbalances. Wang et al. demonstrated that ICSI resulted in a lower proportion of male births
compared to IVF (OR = 0.808, 95% CI: 0.681-0.958)'8. A large retrospective cohort study of 91,805 embryo
transfer cycles revealed that PGT blastocyst transfers were associated with a 2% higher likelihood of male births
compared to non-PGT blastocyst transfers (RR = 1.02; 95% CI: 1.01-1.04), and a 5% higher likelihood compared
to non-PGT cleavage-stage transfers (RR = 1.05; 95% CI: 1.02-1.07)'°. Additional studies have shown that good-
quality blastocysts are associated with an increased proportion of male neonates*, embryo culture medium
composition influences singleton sex ratios'®, and elevated SSR are linked to ovarian hyperstimulation syndrome
(OHSS)?! and OS protocols?2. However, the underlying mechanisms remain unclear, and these findings remain
controversial'23-%,

Earlier reports have suggested BT does not lead to a sex ratio imbalance in resulting offspring and male
embryos do not exhibit faster developmental rates than female embryos in culture?’. A recent multicenter study
also confirmed that blastocysts with expansion stage 6 had a higher rate of male neonates compared to those
with expansion stage 4 + 3 (84.4% vs. 54.9%), without analyzing the day of embryo transfer separately?®. In
the present study, we observed a significant association between the developmental rate of day 5 blastocysts
and male embryos, with faster-developing blastocysts more likely to result in male neonates. Specifically,
blastocysts with expansion stages 4 and 5 demonstrated 2.30-fold and 2.71-fold increased probabilities of
male neonates, respectively, compared to those with expansion stage 3. However, no such associations were
observed in day 6 embryos. These findings are partially consistent with a previous multicenter study, which
reported that blastocysts with expansion stage 5 were 34% more likely to result in male neonates compared
to those with expansion stage 3, while no significant differences were observed for expansion stages 4 and
6. Notably, the study did not analyze day 5 and day 6 blastocysts separately’. One potential explanation for
the mechanisms underlying sex ratio bias involves genes located on the X chromosome that regulate glucose
uptake, metabolism, and antioxidant enzymes. These genes may lead to differential responses of male and female
embryos to in vitro culture conditions. Specifically, total glucose metabolism is twice as high in male embryos
compared to female embryos, while the activity of the pentose phosphate pathway is four times higher in female
blastocysts than in male blastocysts?”?%. The double-dose activity of X chromosome-linked genes regulating
glucose metabolism (e.g., glucose-6-phosphate dehydrogenase) and antioxidant pathways (e.g., hypoxanthine
phosphoribosyl transferase) may contribute to differences in energy metabolism and developmental rates
between male and female embryos. The lower levels of oxygen radicals in female embryos, resulting from the
double dose of hypoxanthine phosphoribosyl transferase, may cause developmental delays, while male embryos,
with appropriate levels of oxygen radicals, may reach the blastocyst stage earlier than females?”?.

To optimize success rates, blastocysts with high TE and ICM scores based on the Gardner grading system are
prioritized for transfer. However, this practice may contribute to sex ratio imbalances in neonates®’. Baatarsuren
et al. demonstrated that TE grade influences neonatal sex ratios in single blastocyst transfer cycles, with grade
A TE blastocysts showing a 280% higher probability of male births compared to grade C TE blastocysts*!. Our
results demonstrated that only day 5 blastocysts with TE grade A showed a 39% and 57% higher likelihood of
male neonates compared to TE grades B and C, respectively, while ICM grade showed no significant association
with neonatal sex. The human blastocyst gives rise to TE as the primary cell type, which forms the placenta.
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Placentas derived from male fetuses are typically larger than those from female fetuses®? and male and female
pre-gastrulation embryos exhibit significant differences in TE lineage differentiation®. Furthermore, female
embryos exhibit a higher overall mortality rate during pregnancy compared to male embryos**. TE morphology
is also associated with implantation success and pregnancy outcomes, particularly regarding the risk of
miscarriage, suggesting that higher TE grades may improve clinical outcomes*. Our results demonstrated no
significant association between the developmental rate or morphological grading of day 3 embryos and neonatal
sex. We hypothesize that this phenomenon may be attributed to the predominance of maternal gene regulation
during early embryonic development or under the control of the maternal-to-zygotic transition (MZT)*.

In summary, a notable positive correlation was observed between neonatal sex and both the developmental
stage and TE grading of day 5 embryos, with male births being associated with higher scores. As elective single
blastocyst transfer is increasingly adopted as the standard approach to mitigate the risks linked to multiple
pregnancies, clinicians and embryologists may have inadvertently contributed to the tendency for blastocyst
transfers to result in a higher proportion of male neonates.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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