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Abstract 

Background Genetic mosaicism is commonly observed in human blastocysts. Embryos’ morphokinetic feature 
observed from time-lapse monitoring (TLM) is helpful to predict the embryos’ ploidy status in a non-invasive way. 
However, morphokinetic research on mosaic embryos is extremely limited. Moreover, transfer of mosaic embryos 
is a new attempt in reproductive medicine, while studies regarding the clinical and neonatal outcomes follow-
ing transfer of embryos with different levels and types of mosaicism are needed. This study aimed to investigate 
the morphokinetic characteristics of mosaic blastocysts, uncover clinical outcomes of mosaic embryos, and evaluate 
the effect of level and type of mosaicism on transfer outcomes.

Results A total of 923 blastocysts from 229 preimplantation genetic testing cycles were cultured in TLM incubators 
in a single fertilization center between July 2016 and July 2021. Multivariate logistic regression models showed mosaic 
embryos had significantly shorter time to reach morula when compared with euploid (P = 0.002), mosaic with ane-
uploid (P = 0.005), and aneuploid (P = 0.005) embryos after adjusting the potential confounders. KIDScore is an artificial 
intelligence scoring program from time lapse incubation system to predict embryo implantation potential. Mosaic 
with aneuploid embryos had significantly lower KIDScore than euploid (P = 6.47e−4), mosaic (P = 0.005), and aneuploid 
(P = 0.004) embryos after adjustment. Meanwhile, we compared the clinical outcomes following transfer of low-
level (< 50%) mosaic embryos (N = 60) with euploid embryos (N = 1301) matched using propensity scoring collected 
from September 2020 to January 2023. Mosaic embryos had significantly lower clinical pregnancy rate (41.67% vs. 
57.65%, P = 0.015) and live birth rate (38.33% vs. 51.35%, P = 0.048) than the euploid embryos. Subgroup analyses 
showed the whole, segmental, and complex chromosome mosaic embryos had the similar clinical outcomes.

Conclusions The shortened time to reach morula in mosaic embryos and the low KIDScore in mosaic with ane-
uploid embryos revealed innovative clues to embryo selection with the non-invasive TLM and provided new insights 
into biological mechanism of chromosomal abnormality. The analyses of overall and subgroups of mosaic embryo 
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Background
Embryonic chromosomal abnormalities are the major 
causes of implantation failure, pregnancy loss, and 
birth defects in  vitro fertilization (IVF). Since the 
advent of preimplantation genetic testing (PGT) in the 
early 1990s, aneuploid embryos with an altered copy 
number of the 23 chromosomes can be detected and 
discarded from transfer. Mosaicism, which is charac-
terized by the presence of two or more chromosomally 
different cell constitutions within a single embryo, is a 
unique form of chromosomal abnormality and has been 
increasingly identified and quantified. The reported 
prevalence of mosaic embryos has a wide range due to 
the different testing methods, the threshold of report-
ing mosaicism, embryo culture systems, the number 
of cells biopsied and the inclusion criteria of the study 
populations [1–5]. By using the more sensitive assays 
such as next-generation sequencing (NGS) in PGT, the 
prevalence of mosaicism is reported to be 11% to 31% 
in the blastocysts [2, 3, 5].

Recently, an increasing number of studies have pro-
posed that the non-invasive time-lapse monitoring 
(TLM) could be a promising method for assessing precise 
developmental events, such as morphokinetics, dysmor-
phisms, and abnormal cleavages, which helps to reflect 
the embryos’ developmental potential and predict their 
ploidy status by algorithms [6–8]. However, most studies 
investigating the correlation between embryonic mor-
phokinetics and ploidy status did not independently ana-
lyze the data of mosaic embryos [7, 9, 10] probably due 
to the insufficiency for mosaicism detection of the plat-
forms used in PGT; thus, mosaic embryos appear to be a 
vague area in the kinetic analysis. Considering a certain 
proportion of embryos are detected as mosaic by NGS, 
which exhibited distinct biological characteristics and 
clinical value compared with the euploid or aneuploid 
embryos, they should not be neglected in morphokinetic 
analysis. Moreover, the mosaicism might be a confounder 
which explains the inconsistency of kinetic markers iden-
tified in existing studies and the poor prognostic value of 
the ploidy predictive models built by different IVF cent-
ers [9–11]. As far as we know, there are only two studies 
reporting the morphokinetics of embryos with genetic 
mosaicism, but the results are inconsistent [12, 13]. 
Therefore, investigation of mosaic embryonic morphoki-
netics may help in drawing a consistent conclusion in 
embryo prediction and selection using TLM.

Since the first report of the healthy infants born follow-
ing the transfer of mosaic embryos in 2015 [14], trans-
ferring mosaic embryos in IVF centers has become an 
option when no euploid embryos are available. However, 
existing studies regarding mosaic embryo transfer are 
limited in the sample size or lack the neonatal outcome 
follow-ups [15–20]. Moreover, whether the level [18] or 
type (mosaicism involving segmental, whole, or com-
plex chromosomes) [21] of the mosaic embryos affects 
the clinical and neonatal outcomes is still conflicting 
[16–19]. The Preimplantation Genetic Diagnosis Inter-
national Society (PGDIS) have suggested that transfer the 
mosaic blastocyst after appropriate consultation is one 
of the options for the patients without available euploid 
embryos, while transferring a mosaic embryo is not with-
out increased risk compared to the transfer of a euploid 
embryo [22]. The American Society for Reproductive 
Medicine similarly stated that outcomes reported after 
transfer of an embryo with mosaic results seem to be 
reassuring; however, current data are limited and should 
be interpreted with caution due to the unknown chance 
for the occurrence of an adverse prenatal or pediatric 
outcome [18]. Therefore, some IVF centers are reluctant 
to transfer the mosaic embryos due to the concerns about 
the developmental potential of the mosaic embryos and 
the safety of the offspring. Thus, more studies are needed 
to clarify the association of mosaic embryo transfer with 
clinical and neonatal outcomes and which specific type 
of mosaic embryos can be transferred to obtain a healthy 
live birth.

In this study, we investigated the morphokinetic char-
acteristics of the mosaic embryos observed using TLM 
and the clinical and neonatal outcomes of the trans-
ferred low-level mosaic embryos. The transfer outcomes 
of mosaic embryos were further analyzed by differ-
ent mosaic types and levels. Our study not only helps 
in clinical ploidy prediction with non-invasive TLM 
system, sheds light on the etiology of the mitosis-origi-
nated mosaicism, but also provides a valuable reference 
for mosaic embryo transfer when euploid embryos are 
unavailable.

Results
Baseline characteristics of the embryos with different 
ploidy status
A total of 923 blastocysts obtained from 229 PGT cycles 
were included and analyzed, among which 386 (41.82%) 

transfer outcomes helped to optimize embryo transfer scheme for in-vitro fertilization procedures. Multi-center pro-
spective studies with large sample sizes are warranted to validate our results in the future.
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were euploid, 99 (10.72%) were mosaic, 67 (7.26%) were 
mosaic with aneuploid, and 371 (40.20%) were aneuploid 
as detected by NGS. The baseline characteristics of the 
embryos in the four groups were shown in Table 1. Distri-
bution of the PGT indications were significantly different 
among the four groups (P < 0.05). The baseline character-
istics of the mosaic embryos were similar to the euploid 
embryos. However, mosaic embryos showed significantly 
higher basal estradiol and significantly shorter duration 
of stimulation when compared with the mosaic with ane-
uploid embryos [basal estradiol, 46.00 (33.00, 60.00) pg/
ml vs. 37.00 (29.00, 52.00) pg/ml, P = 0.025; duration of 
stimulation, 9.00 (8.00, 10.00) vs. 10.00 (9.00, 12.00), 
P = 0.012] and the aneuploid embryos [basal estradiol, 
46.00 (33.00, 60.00) pg/ml vs. 38.00 (30.00, 53.00) pg/ml, 
P = 0.015; duration of stimulation, 9.00 (8.00, 10.00) vs. 
10.00 (9.00, 11.00), P = 0.001]. The mosaic embryos from 

patients undergoing PGT-A cycles showed significantly 
younger maternal age than the aneuploid embryos [33.00 
(30.25, 36.75) year vs. 36.00 (31.00, 39.00) year, P = 0.027], 
while the age was similar among the four embryo groups 
for the patients undergoing PGT-SR cycles. Moreover, 
the mosaic embryos were obtained from cycles using sig-
nificantly lower dose of gonadotropin than the aneuploid 
embryos [24.00 (16.00, 32.00) ampoules vs. 29.00 (19.00, 
40.00) ampoules, P = 0.008]. The other baseline charac-
teristics did not differ significantly between the groups.

Morphokinetic parameters and dysmorphisms of embryos 
classified by different ploidy status
Eighteen morphokinetic parameters based on TLM 
were analyzed among the embryos of the four differ-
ent ploidy status (Table 2). The mosaic embryos exhib-
ited significantly shorter tM than the embryos in the 

Table 1 Baseline demographic and clinical characteristics of the blastocysts classified by ploidy status

Data are presented as Median (interquartile range) for continuous variable or Number (%) for categorical variable

P values are calculated using Kruskal–Wallis tests and Bonferroni post hoc for continuous variable and χ2 tests for categorical variable

Bolded P values reached statistical significance

Median with common superscripts across columns are not significantly different

PGT-A preimplantation genetic testing for aneuploidy, PGT-SR preimplantation genetic testing for structural rearrangements

Euploid (N = 386) Mosaic (N = 99) Mosaic with aneuploid (N = 67) Aneuploid (N = 371) P value

PGT indication 4.10E-10
 Patients undergoing PGT-A 
(n = 486)

238 (61.66%) 68 (68.69%) 30 (44.78%) 150 (40.43%)

 Patients undergoing PGT-SR 
(n = 437)

148 (38.34%) 31 (31.31%) 37 (55.22%) 221 (59.57%)

Female age (year)
 Patients undergoing PGT-A 33.00 (30.00, 36.00)a 33.00 (30.25, 36.75)a 34.00 (30.00, 38.00)ab 36.00 (31.00, 39.00)b 1.07E-04
 Patients undergoing PGT-SR 30.00 (28.00, 32.00) 30.00 (27.00, 32.00) 30.00 (27.00, 32.00) 30.00 (27.50, 32.00) 0.977

Male age (year)
 Patients undergoing PGT-A 34.00 (31.00, 38.00)a 34.50 (31.25, 38.00)ab 35.50 (32.00, 39.50)ab 36.50 (32.75, 41.00)b 0.001
 Patients undergoing PGT-SR 31.00 (29.00, 34.00) 32.00 (29.00, 33.00) 31.00 (28.00, 34.50) 31.00 (29.00, 34.00) 0.847

BMI (kg/m2) 21.21 (19.53, 22.96) 21.48 (19.53, 22.94) 21.25 (19.71, 22.89) 22.03 (20.03, 23.31) 0.076

Basal estradiol (pg/ml) 40.50 (31.00, 55.00)ab 46.00 (33.00, 60.00)a 37.00 (29.00, 52.00)b 38.00 (30.00, 53.00)b 0.008
Basal progesterone (ng/ml) 0.50 (0.30, 0.80) 0.50 (0.40, 0.80) 0.55 (0.40, 0.80) 0.50 (0.30, 0.80) 0.964

Basal luteinizing hormone (mIU/
ml)

4.50 (3.30, 6.40) 4.30 (3.40, 6.90) 4.30 (3.10, 5.40) 4.30 (3.40, 5.80) 0.260

Basal follicle-stimulating hor-
mone (mIU/ml)

7.40 (6.20, 8.30) 7.40 (6.30, 8.10) 7.50 (6.30, 8.30) 7.30 (6.10, 8.30) 0.716

Antral follicle count 17.00 (13.00, 23.00) 16.00 (13.00, 24.00) 16.00 (13.00, 22.00) 19.00 (13.00, 23.00) 0.251

Ovarian stimulation protocol 0.303

 Short GnRH agonist protocol 213 (55.18%) 48 (48.48%) 36 (53.73%) 218 (58.76%)

 GnRH antagonist protocol 173 (44.82%) 51 (51.52%) 31 (46.27%) 153 (41.24%)

No. of controlled ovarian stimu-
lation cycles

1.00 (1.00, 2.00) 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) 0.974

Gonadotropin dose (ampoules, 
75 IU/ampoule)

26.50 (18.00, 33.00)a 24.00 (16.00, 32.00)a 30.00 (20.00, 40.00)ab 29.00 (19.00, 40.00)b 0.001

During of stimulation days 10.00 (9.00, 11.00)ab 9.00 (8.00, 10.00)a 10.00 (9.00, 12.00)b 10.00 (9.00, 11.00)b 0.002
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mosaic with aneuploid group [80.49 (74.24, 85.81) h vs. 
84.57 (79.81, 89.95) h, P = 0.019]. Moreover, multivari-
ate logistic regression models showed the mosaic group 
had significancy shorter tM when compared with the 
euploid (P = 0.002), mosaic with aneuploid (P = 0.005), 
and aneuploid (P = 0.005) embryos after adjusting the 
potential confounders (Table 3, Fig. 1A).

The embryos in the mosaic with aneuploid group 
showed significantly delay in t8 [59.67 (52.54, 67.20) 
h vs. 55.00 (50.69, 61.09) h, P = 0.032] and s3 [10.18 
(4.34, 15.45) h vs. 4.50 (2.75, 10.75) h, P = 0.006] than 
the aneuploid embryos, and significantly longer tHB 
[110.14 (102.30, 113.51) h vs. 104.34 (97.96, 111.20) 
h, P = 0.020] than the euploid embryos (Table  2), 

Table 2 Comparison of the morphokinetic parameters and the incidence of morphological dysmorphisms and irregular cleavages 
among embryos classified by ploidy status

Data are presented as Median (interquartile range) for continuous variable or Number (%) for categorical variable

P values were calculated using Kruskal–Wallis tests and Bonferroni post hoc for continuous variable and χ2 tests for categorical variable

Median with common superscripts across columns are not significantly different

Bolded P values reached statistical significance

tPB2 time of polar body emission, tPNa time of pronuclei appearance, tPNf time of pronuclear fade out, t2, t3, t4, t5, t6, t7, t8 the time to reach 2, 3, 4, 5, 6, 7,8 cells, tC 
time to get compacted, tM time to reach morula, tSB time of starting blastulation, tHB time of the hatched blastocyst, s2, s3 time of the second, third synchrony; cc3 
time of the third cell cycle, MN2 multinucleation at the 2-cell stage, Frag-2 fragmentation at the 2-cell stage

Euploid Mosaic Mosaic with aneuploid Aneuploid P value

tPB2 (h) 3.37 (2.90, 4.00) 3.40 (3.30, 4.06) 3.13 (2.68, 4.23) 3.50 (3.91, 4.14) 0.275

tPNa (h) 9,73 (8.48, 11.48) 9.46 (8.21, 10.98) 9.72 (8.37, 11.67) 9.90 (8.50, 11.57) 0.204

tPNf (h) 22.38 (20.75, 23.89) 22.12 (20.72, 23.75) 22.67 (20.99, 24.47) 22.36 (20.68, 24.28) 0.339

t2 (h) 24.80 (23.12, 26.45) 24.37 (23.08, 26.14) 25.17 (23.89, 27.11) 24.80 (23.10, 26.73) 0.075

t3 (h) 35.54 (33.24, 37.77) 35.56 (33.53, 37.33) 35.93 (34.05, 38.09) 35.38 (33.14, 38.02) 0.564

t4 (h) 36.35 (34.41, 38.65) 36.41 (34.16, 38.53) 37.24 (35.19, 39.25) 36.54 (34.26, 39.10) 0.327

t5 (h) 49.27 (45.48, 52.59) 49.67 (45.91, 52.68) 49.45 (45.20, 53.04) 49.16 (45.13, 53.00) 0.888

t6 (h) 51.07 (47.45, 54.64) 51.77 (47.57, 55.01) 51.48 (48.10, 56.38) 50.82 (47.25, 54.97) 0.618

t7 (h) 53.17 (49.48, 57.36) 52.91 (48.58, 57.01) 53.96 (50.36, 59.83) 52.49 (48.47, 56.92) 0.119

t8 (h) 55.97 (51.17, 61.89)ab 56.72 (51.47, 62.89)ab 59.67 (52.54, 67.20)a 55.00 (50.69, 61.09)b 0.040
tC (h) 74.66 (66.28, 81.12) 73.33 (67.49, 809.55) 77.41 (69.17, 81.54) 73.16 (65.81, 80.23) 0.238

tM (h) 82.17 (76.89, 87.89)ab 80.49 (74.24, 85.81)a 84.57 (79.81, 89.95)b 81.77 (75.70, 88.29)ab 0.027
tSB (h) 93.31 (88.04, 100.02) 93.74 (87.89, 98.90) 97.95 (90.05, 101.93) 93.71 (88.30, 100.49) 0.135

tHB (h) 104.34 (97.96, 111.20)a 104.90 (99.77, 113.21)ab 110.14 (102.30, 113.51)b 105.44 (98.94, 111.05)ab 0.030
S2 (h) 0.50 (0.25, 1.00) 0.50 (0.25, 1.00) 0.50 (0.25, 1.25) 0.50 (0.25, 1.25) 0.775

S3 (h) 5.25 (3.00, 14.25)ab 6.00 (3.00, 11.26)ab 10.18 (4.34, 15.45)a 4.50 (2.75, 10.75)b 0.005
CC3 (h) 13.59 (12.09, 15.52) 14.02 (12.27, 15.78) 14.00 (12.25, 15.51) 13.50 (12.01, 15.25) 0.468

KIDScore 5.70 (4.70, 6.90)b 5.50 (4.50, 6.60)b 4.55 (4.00, 5.70)a 5.50 (4.60, 6.50)b 3.60E-05
MN2 0.289

 Yes 112 (29.02%) 21 (21.21%) 23 (34.33%) 106 (28.57%)

 No 274 (70.98%) 78 (78.79%) 44 (65.67%) 265 (71.43%)

Frag-2 0.177

 Yes 59 (15.28%) 14 (14.14%) 6 (8.96%) 39 (10.51%)

 No 327 (84.72%) 85 (85.86%) 61 (91.04%) 332 (89.49%)

Direct cleavage 0.500

 Yes 19 (4.92%) 4 (4.04%) 6 (8.96%) 18 (4.85%)

 No 367 (95.08%) 95 (95.96%) 61 (91.04%) 353 (95.15%)

Uneven cleavage-2 0.177

 Yes 33 (8.55%) 7 (7.07%) 10 (14.93%) 26 (7.01%)

 No 353 (91.45%) 92 (92.93%) 57 (85.03%) 345 (92.99%)

Reverse cleavage 6.63E-06
 Yes 0 (0%) 3 (3.03%) 2 (2.99%) 12 (3.23%)

 No 386 (100.00%) 96 (96.97%) 65 (97.01%) 359 (96.77%)
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while the significance diminished with the covariates 
adjusted (P > 0.05, Table  3). The KIDScore was signifi-
cantly lower for the mosaic with aneuploid embryos 
[4.55 (4.00, 5.70) h] than euploid [5.70 (4.70, 6.90) 
h], mosaic [5.50 (4.50, 6.60) h], and aneuploid [5.50 
(4.60, 6.50) h] embryos (Table 2). Moreover, these dif-
ferences remained significant when compared with 
euploid (P = 6.47e−4), mosaic (P = 0.005), and aneuploid 
(P = 0.004) embryos after adjusting for the potential 
confounders (Table 3, Fig. 1B).

Five types of dysmorphism and irregular cleavages 
were observed in this study (Table 2). The percentage of 
reverse cleavage was significantly lower in the euploid 
embryos (0, 0%) than in the mosaic (3, 3.03%, P = 0.049) 
and the aneuploid (12, 3.23%, P = 0.001) embryos. 

The MN2, Frag-2, direct cleavage and uneven cleav-
age-2 were not significantly different between the four 
groups.

Clinical and neonatal outcomes of euploid and low-level 
mosaic embryo transfers
A total of 63 low-level mosaic embryos and 2137 euploid 
embryos were included in the study period. After pro-
pensity score matching (PSM), 60 mosaic embryos were 
matched to 1301 euploid embryos and the character-
istics of the transfer cycles were shown in Table  4. The 
implantation rate was similar between the euploid and 
the mosaic embryos in the total age group, while this rate 
was significantly lower in mosaic embryos than euploid 
embryos among older women (33.33% vs. 62.46%, 

Table 3 Multivariate logistic regression analysis to evaluate the effects of time-lapse parameters on embryonic ploidy status

P values were calculated using multivariate logistic regression analysis

Bolded P values reached statistical significance

t2 the time to reach 8 cells, tM time to reach morula, tHB time of the hatched blastocyst, s3 time of the third synchrony

Variables Mosaic vs. euploid (ref ) Mosaic vs. mosaic with aneuploid (ref ) Mosaic vs. aneuploid (ref )

OR [95% CI] P value OR [95% CI] P value OR [95% CI] P value

PGT indication (PGT-A vs. 
PGT-SR)

0.65 (1.10, 0.39) 0.109 0.22 (0.09, 0.56) 1.23E-03 0.20 (0.11, 0.37) 2.31E-07

Female age (year) 0.99 (0.90, 1.11) 0.940 1.08 (0.92, 1.28) 0.354 0.95 (0.85, 1.07) 0.415

Male age (year) 0.99 (0.93, 1.08) 0.965 0.95 (0.85, 1.05) 0.304 0.99 (0.89, 1.09) 0.779

Basal estradiol (pg/ml) 1.01 (0.99, 1.02) 0.062 1.03 (1.01, 1.05) 0.005 1.02 (1.00, 1.03) 0.009

During of stimulation days 0.81 (0.67, 0.99) 0.042 0.95 (0.69, 1.32) 0.762 0.89 (0.71, 1.23) 0.336

Gonadotropin dose (ampoules, 
75 IU/ampoule)

0.99 (0.97, 1.02) 0.485 0.97 (0.92, 1.02) 0.217 0.96 (0.94, 0.99) 0.017

t8 (h) 1.04 (0.99, 1.09) 0.112 1.02 (0.94, 1.10) 0.662 1.04 (0.99, 1.09) 0.063

tM (h) 0.95 (0.92, 0.98) 0.002 0.92 (0.87, 0.98) 0.005 0.95 (0.92, 0.99) 0.005

tHB (h) 1.03 (0.99, 1.07) 0.203 1.06 (0.99, 1.14) 0.086 1.02 (0.98, 1.07) 0.265

S3 (h) 0.99 (0.94, 1.04) 0.603 1.00 (0.93, 1.08) 0.945 1.01 (0.96, 1.06) 0.726

KIDScore 0.93 (0.74, 1.18) 0.551 1.88 (1.21, 2.91) 0.005 1.07 (0.84, 1.36) 0.582

Reverse cleavage (no vs. yes) 9.36E6 (1.71E6, 5.13E7) < 0.001 3.20 (0.19, 54.96) 0.423 1.77 (0.21, 6.65) 0.854

Variables Mosaic with aneuploid vs. 
euploid (ref )

Mosaic with aneuploid vs. aneuploid (ref ) Aneuploid vs. euploid (ref )

OR [95% CI] P value OR [95% CI] P value OR [95% CI] P value

PGT indication (PGT-A vs. 
PGT-SR)

2.27 (1.22, 4.35) 0.009 1.33 (0.68, 2.62) 0.404 3.32 (2.32, 3.32) 4.48E-11

Female age (year) 0.98 (0.87, 1.10) 0.722 0.93 (0.83, 1.04) 0.930 1.07 (1.00, 1.14) 0.039

Male age (year) 1.03 (0.96, 1.11) 0.371 1.05 (0.97, 1.14) 0.209 0.98 (0.93, 1.03) 0.441

Basal estradiol (pg/ml) 0.99 (0.97, 1.00) 0.107 0.99 (0.98, 1.01) 0.405 0.99 (0.98, 1.00) 0.042

During of stimulation days 0.96 (0.77, 1.20) 0.714 1.03 (0.81, 1.31) 0.810 0.90 (0.79, 1.02) 0.101

Gonadotropin dose (ampoules) 1.01 (0.98, 1.05) 0.440 0.99 (0.96, 1.02) 0.411 1.03 (1.01, 1.05) 4.07E-04

t8 (h) 1.02 (0.97, 1.07) 0.534 1.01 (0.96, 1.06) 0.771 1.00 (0.97, 1.03) 0.99

tM (h) 0.99 (0.95, 1.03) 0.464 0.99 (0.96, 1.04) 0.889 0.99 (0.97, 1.02) 0.528

tHB (h) 1.00 (0.95, 1.04) 0.843 1.00 (0.96, 1.05) 0.897 1.00 (9.78, 1.03) 0.85

S3 (h) 1.00 (0.95, 1.05) 0.904 1.03 (0.98, 1.08) 0.215 0.97 (0.94, 0.99) 0.036

KIDScore 0.62 (0.48, 0.82) 6.47E-04 0.67 (0.51, 1.88) 0.004 0.92 (0.80, 1.07) 0.297

Reverse cleavage (no vs. yes) 7.46E6 (8.85E5, 6.33E7) < 0.001 1.72 (0.20, 14.79) 0.622 - -



Page 6 of 13Zou et al. Journal of Ovarian Research           (2024) 17:10 

P = 0.024). The clinical pregnancy rate (57.65% vs 41.67%, 
P = 0.015) and live birth rate (51.35% vs 38.33%, P = 0.048) 
of the euploid group were significantly higher than those 
in mosaic group. Meanwhile, the euploid embryos had 
lower ectopic pregnancy rate than the mosaic embryos 
(0% vs. 4.00%, P = 0.032). No significant difference was 
found in the miscarriage rate, gestational age at delivery, 
birth weight, and congenital anomalies rate (Table 4).

No differences in the implantation rate, clinical preg-
nancy rate, or live birth rate were observed between 
the euploid embryos and any of the other subgroups of 
mosaic embryos (Fig.  2). Meanwhile, there was no sig-
nificant difference among whole, segmental, and complex 
mosaic embryos. Besides, patients receiving the transfer 
of embryos with ≤ 30%, 30%—40%, and 40%—50% mosai-
cism had the similar clinical outcomes (Fig. 2).

Discussion
Mosaicism is a common phenomenon observed in pre-
implantation embryos [4]. In this study, mosaic embryos 
were reported to have significantly shorter time to reach 
morula when compared with the euploid, mosaic with 
aneuploid, and aneuploid embryos. Meanwhile, mosaic 
with aneuploid embryos were found to have the sig-
nificantly lower KIDScore than the euploid, mosaic, and 
aneuploid embryos. In addition, our study clearly dem-
onstrated that low-level mosaic embryos can develop 
into live birth, which were not affected by the type or 

level of mosaicism, although their clinical pregnancy 
and live birth rate were significantly lower than euploid 
embryos. The study helped to improve the clinical appli-
cation of the non-invasive TLM in embryo selection and 
provided more information of mosaic embryo transfer.

To the best of our knowledge, this is the first study to 
investigate the developmental morphokinetic signa-
ture of mosaic embryos in comparison with the euploid, 
mosaic, mosaic with aneuploid, and aneuploid embryos, 
and our studyreported a significantly decreased tM in 
the mosaic group than the other three groups. Although 
many studies have focused on the morphokinetic fea-
tures of euploid and aneuploid embryos, embryos with 
mosaicism have always been neglected [7, 9, 10]. To 
date, only two studies have investigated the morphoki-
netic characteristics of mosaic embryos. The study by 
Martín et al. found that blastocysts with mosaicism had 
similar morphokinetics to both euploid embryos and 
aneuploid embryos [13]. Another research by Lee et  al. 
reported that high-level (≥ 50%) mosaic blastocysts had 
prolonged t5, t8, and third cell cycle than the euploid 
embryos, while tM was similar between the euploid, low-
level (< 50%) mosaic, high-level mosaic and aneuploid 
groups [12]. In the present study, we did not find a dif-
ference in morphokinetic timings between the high-level 
mosaic and euploid embryos as Lee et al. reported (data 
not shown), which might be due to the methodological 
differences, including the study population, the culture 

Fig. 1 Distribution of morphokinetic parameter in euploid, mosaic, mosaic with aneuploid, and aneuploid embryos. The comparison of parameters 
tM (A) and KIDScore (B) were conducted using multivariate logistic regression with the adjustment of confounding factors. Boxplot shows 
the median with 10–90 percentiles. tM, time for morula. **, P < 0.001. ***, P < 0.001
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circumstances and hatching procedure of embryos, the 
time-lapse systems, and the mosaicism reporting criteria 
in PGT. However, our finding that the tM is significantly 
lower in mosaic embryos than the other three groups 
improves our knowledge of the biology of mosaicism. 
The morula stage is a crucial step for the acquisition and 
maintenance of reproductive competence during the 
development of preimplantation embryos [23] and tM is 
reported as an important predictor for pregnancy after 
embryo transfer [23–25]. Both delayed [26] and preco-
cious compaction [27] during the morula stage have been 
reported to be detrimental for embryo developmental 

potential. As prolonged cell cycles in the human preim-
plantation embryo are likely to be associated with acti-
vated DNA repair processes, incorrect attachment of 
chromosomes to the spindle, or failure to complete pre-
vious phases of the cell cycle appropriately [28, 29], we 
consider that the unusually rapid tM may be related to 
inadequate cell cycle checkpoints in mosaic embryos and 
therefore leads to mitosis error and formation of mosaic 
embryos.

The KIDScore is a scoring program based on artificial 
intelligence (AI) for predicting embryo implantation after 
transfer, which was developed for time-lapse devices and 

Table 4 Clinical and live birth outcomes of single euploid and mosaic embryo transfers in young and advanced age groups

Data are presented as Median (interquartile range) for continuous variable or proportion for categorical variable

P values were calculated using Mann–Whitney tests continuous variable and χ2 tests for categorical variable

a, b, c, d: P < 0.05

Total ages < 38 years ≥ 38 years

Euploid embryos 
(N = 1301)

Mosaic embryos 
(N = 60)

Euploid embryos 
(N = 1008)

Mosaic embryos 
(N = 45)

Euploid embryos 
(N = 293)

Mosaic embryos 
(N = 15)

PGT indication
 No. of patients 
undergoing PGT-A

805 (61.88%) 37 (61.67%) 546 (54.17%) 23 (51.11%) 259 (88.40%) 14 (93.33%)

 No. of patients 
undergoing PGT-SR

496 (38.12%) 23 (38.33%) 462 (45.83%) 22 (48.89%) 34 (11.60%) 1 (6.67%)

Antral ovarian fol-
licle count

15.00 (10.00, 21.00) 14.00 (9.00, 21.00) 15.00 (10.00, 21.00) 16.00 (9.00, 21.00) 12.00 (8.00, 18.00) 12.00 (7.50, 18.00)

Female age at 
controlled ovarian 
stimulation (year)

33.00 (30.00, 36.00) 33.00 (31.00, 36.25) 32.00 (29.00, 34.00) 32.00 (31.00, 34.00) 39.00 (38.00, 40.00) 40.00 (38.50, 40.00)

Female age at 
transfer cycle 
(year)

34.00 (31.00, 37.00) 34.00 (32.00, 37.25) 32.00 (30.00, 34.00) 32.00 (31.00, 35.00) 39.00 (39.00, 41.00) 40.00 (39.00, 41.50)

No. of transfer 
cycles

1.00 (1.00, 2.00) 2.00 (1.00, 2.00) 1.00 (1.00, 2.00) 2.00 (1.00, 2.00) 1.00 (1.00, 3.00) 2.00 (1.00, 2.00)

Endometrial thick-
ness at transfer 
(mm)

8.00 (7.00, 10.00) 8.00 (7.00, 10.00) 9.00 (8.00, 10.00) 8.00 (8.00, 10.00) 8.00 (7.00, 9.00) 8.00 (6.50, 9.00)

Implantation rate 
(%,no./total no.)

68.49% (891/1301) 58.33% (35/60) 70.24% (708/1008) 66.67% (30/45) 62.46% (183/293)a 33.33% (5/15)a

Clinical pregnancy 
(%,no./total no.)

57.65% (750/1301)b 41.67% (25/60)b 59.92% (604/1008) 46.67% (21/45) 49.83% (146/293) 26.67% (4/15)

Miscarriage rate 
(%,no./implanta-
tion no.)

9.20% (82/891) 2.86% (1/35) 8.76% (62/708) 3.34% (1/30) 10.93% (20/183) 0% (0/5)

Ectopic pregnancy 
rate (%,no./clinical 
pregnancy no.)

0c 4.00% (1/25)c 0 4.76% (1/21) 0 0% (0/4)

Live birth rate 
(%,no./total no.)

51.35% (668/1301)d 38.33% (23/60)d 53.77% (542/1008) 42.22% (19/45) 43.00% (126/293) 26.67% (4/15)

Gestational age at 
delivery (week)

38.66 ± 1.82 38.83 ± 1.07 38.74 ± 1.85 38.88 ± 1.15 38.31 ± 1.68 38.81 ± 0.60

Birth weight (g) 3286.07 ± 520.90 3206.96 ± 443.01 3315.29 ± 526.61 3167.37 ± 471.53 3155.36 ± 532.67 3395.00 ± 219.32

Congenital anom-
aly rate (%,no./
total no.)

0 4.35% (1/23) 0 5.26% (1/19) 0 0
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derived from very large multicentric datasets based on 
morphokinetic timings including t8, tM, tHB, and s3 [30, 
31]. Currently, only two studies have evaluated the Day 
5 KIDScore predictive models, which reached similar 
conclusions. The study carried out in non-PGT embryos 
by Reignier et  al. showed KIDScore were significantly 
associated with implantation rates after single blastocyst 
transfer [30]. A recent study by Gazzo et  al. indicated 
that embryos with a higher KIDscore had an increased 
probability of being euploid and implanting [32]. Our 
study revealed that the KIDScore was significantly lower 
for the mosaic with aneuploid embryos than that of the 
other three groups. However, we did not find a signifi-
cant difference in KIDScore between the mosaic, euploid 
and aneuploid embryos, which explains the predictive 
value of KIDScore models was moderate and perfect-
ible in the study of Reignier et al. [30]. From a biological 
perspective, mosaic with aneuploid embryos contained 

significantly more abnormal chromosomes than ane-
uploid embryos (mean ± SD, 3.04 ± 1.62 vs. 1.69 ± 0.93, 
P = 1.02e–7), and theoretically extended the time for the 
self-correction process. We observed prolonged t8, tM, 
tHB, and s3 in mosaic with aneuploid embryos, while 
the significance diminished after adjustment of potential 
confounders. However, the KIDScore remained signifi-
cantly lower in mosaic with aneuploid embryos than the 
other three groups after adjustment, implying the unique 
morphokinetic features of embryos with both meiotic 
and mitotic errors. Consequently, our results suggested 
that embryos of low KIDScore should be transferred with 
low priority during clinical embryo selection.

Studies regarding the clinical and neonatal outcomes 
after mosaic embryo transfer are still limited. Nota-
bly, the effect of the level and type of mosaicism on the 
transfer outcomes remains to be thoroughly evaluated. 
Overall, existing data revealed that mosaic blastocysts 

Fig. 2 Effect of mosaicism type and level on clinical outcomes. Comparison of implantation rate (A), clinical pregnancy rate (B), and live birth rate 
(C) between euploid embryos with total, whole, segmental, and complex mosaic embryos. Comparison of implantation rate (D), clinical pregnancy 
rate (E), and live birth rate (F) between euploid embryos with total, ≤ 30%, 30%—40%, and 40%—50% mosaic embryos. The χ2 test was used 
at the 95% confidence level. Ns, no significance
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had the potential to develop into healthy live birth while 
exhibited significantly decreased possibility of ongoing 
pregnancies/live births and increased probability of mis-
carriage than the euploid embryos [15], and we reported 
the consistent results. The attenuated proliferation and 
preferential apoptosis of aneuploid cells along with the 
increased proliferation of euploid cells [33, 34] could be 
the reason why a live birth with normal chromosomes 
was obtained. Difference in implantation rate between 
euploid and mosaic embryos were not observed. How-
ever, mosaic embryos had a lower implantation rate than 
euploid embryos among women aged over 38 years, sug-
gesting an impaired ability of self-correction for embryos 
from older women.

The evidence of the effect of mosaic level on the clini-
cal outcomes are inconsistent. The studies by Spinella 
et  al. [35] and Munné et  al. [36] revealed that low-level 
mosaic embryos were associated with better clinical 
outcomes compared to high-level mosaic embryos. The 
PGDIS suggested that the higher-level mosaicism may be 
associated with less favorable outcomes compared with 
lower-level mosaicism [22]. However, Victor et  al. [37] 
for the first-time reported transfers of blastocysts diag-
nosed as mosaic following NGS-based PGT-A, and their 
results did not demonstrate any correlation between the 
level of mosaicism and clinical outcome. In our study, 
only low-level (< 50%) mosaic embryos were transferred, 
and we did not find a difference between the mosaic level 
and transfer outcomes, which was similar to the research 
of Victor et  al. [37] but inconsistent with the results of 
previous published studies [20, 35, 36]. We consider 
three possible reasons were: 1) as for low-level mosaic 
embryos, small difference of mosaicism level does not 
lead to significant changes in clinical outcomes; 2) the 
study of Victor et al. and ours adopted NGS-based PGT-
A, which was more sensitive for mosaic detection; 3) the 
trophectoderm biopsy cannot always exactly reflect the 
rate of mosaicism for the entire blastocyst, especially 
when the difference of mosaicism level among embryos 
is relatively small.

The study of Munné et al. [38] indicated that embryos 
with single and double whole chromosomal mosaic ane-
uploidies as well as segmental mosaic structural aber-
rations showed comparable ongoing pregnancy rates. 
However, the study of Viotti et  al. analyzed the transfer 
outcomes of 1,000 mosaic blastocysts and showed the 
type of mosaicism affected outcomes (segmental vs. 
complex mosaic, implantation: 51.6% vs. 30.4%; ongoing 
pregnancy: 43.1% vs. 20.8%) [20]. In our study, one out 
of three complex mosaic embryos succeeded to implant. 
And we found a similar tendency of more favorable clini-
cal pregnancy and live birth outcomes in mosaic with 
segmental chromosomes involved, while the difference 

was not significant. We consider this was due to the 
limited sample size of transferred mosaic embryos. The 
PGDIS suggested that a decision to transfer a mosaic 
embryo can be prioritized either on the level of mosai-
cism or type of mosaicism [22]. However, studies with 
more participants are still warranted to explore embryo 
prioritization considering the level or type of mosaicism 
in the future.

In the study, we noticed one case of congenital anomaly 
in mosaic group. The fetus was found to have hemiver-
tebra by ultrasonography and accepted an operation 
successfully at one year old. Our data showed that neo-
natal outcomes were similar between mosaic and euploid 
groups, which is consistent with studies of Zhang et  al. 
and Lee et al. [17, 39]. Until now, no previous study has 
reported the newborn with congenital anomalies [17, 39]. 
The newborns have been usually healthy based on rou-
tine neonatal examination such as amniocentesis and 
prenatal ultrasonography, therefore congenital anomalies 
should not be a major concern in mosaic embryo transfer.

The study had some limitations. First, our findings 
based on a single-center might not be generalized to 
other IVF centers because of the heterogeneity among 
different IVF centers caused by the different patient 
demographics, embryo culture circumstances, biopsy 
protocols, genetic testing methods, et al. The sample size 
was also limited by the single-centre design of the study. 
Second, a single biopsy may not reflect the true mosaic 
status of the embryos due to the biology feature of mosai-
cism and may introduce variability and uncertainty to the 
findings, which was also a challenge to all studies regard-
ing mosaic embryos and without a good solution so far. 
Therefore, it should be reminded that “the embryos with 
mosaicism” in the study are actually “the embryos diag-
nosed as mosaic embryos by current PGT technology”. 
However, this factor might be an explanation for the 
different development potential of the mosaic embryos, 
which highlighted the significance of our study explor-
ing the non-invasive morphokinetic parameters with 
the developmental potential of the embryos diagnosed 
as mosaic with a single biopsy. Third, we did not link the 
specific morphokinetic characteristics of mosaic embryos 
(tM) to their transfer outcomes due to the retrospective 
design of the study, which was also a gap in existing stud-
ies. Therefore, future multicenter studies with a larger 
sample size are needed to validate our results and to 
evaluate the association of the morphokinetic features of 
mosaic embryos and their transfer outcomes.

Conclusions
In conclusion, the study is the first to propose that 
mosaic embryos have the shortest time to reach morula, 
and mosaic with aneuploid embryos have the lowest 
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KIDScore among the four groups. It is suggested that 
non-invasive TLM application has the potential to select 
mosaic embryos as well as exclude the untransferable 
mosaic with aneuploid embryos in clinical practice. Now-
adays, some studies have shown the advantages of AI in 
processing TLM images/videos and assisting embryo 
selection, while the establishment of AI models are still 
based on the analysis of embryologists and the training of 
data set. Our study provides the evidence that there are 
differences in morphokinetic features among embryos 
with different ploidy status and meanwhile provides a 
better understanding of the biological mechanism for 
chromosomal abnormalities, and therefore helps to opti-
mize the efficiency of the AI model for precise embryo 
selection in the future. Our observations with clinical 
outcome data and neonatal outcomes build on the con-
cept that low-level mosaic embryos have the opportunity 
to achieve a healthy live birth. An optimal clinical man-
agement of mosaic embryos may be achieved after exten-
sive genetic consulting. However, this single center-based 
study with a relatively small sample size might bring in 
the uncertainty of the results and influence the gener-
alization to broader populations. In addition, selection 
bias could not be avoided in the retrospective part of the 
study. As a result, a multi-center prospective study with 
a large sample size is warranted to validate our results in 
the future.

Methods
Study design and population
This study consisted of two parts. Part one is a retrospec-
tive observational study to investigate the morphokinetic 
signature of mosaic embryos. Part two is a prospective 
case–control study to compare the transfer outcomes of 
mosaic embryos with euploid embryos.

For the first part of the study, we included all cycles 
with embryos cultured in the TLM system followed by 
NGS based PGT from July 2016 to July 2021 in Shang-
hai JiAi Genetics & IVF Institute, Obstetrics and Gyne-
cology Hospital of Fudan University (TLM-NGS cohort). 
Each participant was required to have the normal 46,XX 
karyotype, representing the number of chromosomes 
was 46 and the sex chromosomes were both XX; and 
normal 46,XY karyotype for the male partner, meaning 
the number of chromosomes was 46 and the sex chro-
mosomes were X and Y. The indications of PGT for ane-
uploidy (PGT-A, 53.65%) included advanced maternal 
age (≥ 38  years), repeated implantation failure, recur-
rent pregnancy loss, previous pregnancy loss due to ane-
uploidy, severe asthenospermia and oligospermia, and 
complex indications (more than one of the above indi-
cations). The indications for PGT for structural rear-
rangements (PGT-SR, 47.35%) included Robertsonian 

translocation, reciprocal translocation, inversion, chro-
mosomal abnormalities, and mosaicism of the male or 
female partner. Embryos graded over 5BC or 5CB [40] 
at the blastocyst stage were biopsied for chromosomal 
analysis. To guarantee the accuracy of the collected TLM 
parameters, embryos that were not amenable to the TLM 
assessment because of excessive cytoplasmic fragmenta-
tion (> 50%) at the cleavage stage or poor video quality 
were excluded. For the second part of the study, all the 
low-level mosaic embryos (< 50%) and euploid embryos 
transferred in the same period served as the control 
group underwent PGT-A/PGT-SR from September 1st, 
2020 to January 30th, 2023 were recruited to investigate 
the transfer outcomes. The exclusion criteria for the par-
ticipants were as follows: 1) embryos underwent double 
vitrification or a second biopsy; 2) embryos underwent 
PGT for monogenic disorders; 3) biopsies were tested 
by other techniques, such as array comparative genomic 
hybridization or single-nucleotide polymorphism array.

Written informed consent was obtained from all the 
participants. The study was approved by the ethics com-
mittee of the Shanghai JiAi Genetics & IVF Institute (ref-
erence number: JIAI-E2017-10; approval date: May 8th, 
2017).

Embryological laboratory phase
Oocyte retrieval, denudation, and intracytoplasmic 
sperm injection (ICSI) were performed according to the 
routine clinical and laboratory procedures in our IVF 
institute [6]. Briefly, an antagonist protocol or GnRH 
agonist protocol for controlled ovarian hyperstimula-
tion was used for each participant [6]. Oocyte retrieval 
was performed using transvaginal ultrasound-guided 
follicular aspiration, 36  h after human chorionic gon-
adotropin (Livzon Pharmaceutical Group, China) injec-
tion [41]. After the denudation of granulosa cells, ICSI 
were performed by experienced embryologists. Zygotes 
were individually incubated in a time-lapse incubator 
(EmbryoSlide, Vitrolife, Goteborg, Sweden) with G1 (D0-
D3) and G2 (D3-D5/D6) (Vitrolife), 6%  CO2, and 5%  O2, 
at 37ºC, until day 5 or day 6. A small incision traversing 
the zona pellucida of each embryo was made on day 3 
with laser (Hamilton-Thorne, USA). A trophectoderm 
(TE) biopsy and cryopreservation were performed at the 
blastocyst stage. Vitrification and warming of blastocysts 
were conducted using a Cryotop device and vitrification 
kit (KITAZATO, Shizuoka, Japan).

TLM
A series of images were acquired in seven focal planes 
every 15 min, using a TLM machine (EmbryoScope, Vit-
rolife). The precise kinetic timings, embryonic dysmor-
phisms, and irregular cleavage events were annotated 
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by two well-trained embryologists blinded to the ploidy 
status, using EmbryoViewer (Vitrolife). If the timing dif-
ference from the two embryologists was more than one 
hour, re-annotation would be done after discussion. The 
average of morphokinetic timings was used in this study. 
We defined the following precise timings and meas-
ured them post-mid-time of the ICSI microinjection 
operation, as previously described [6]. Morphokinetic 
parameters included the time of the second polar body 
emission (tPB2), time of two pronuclei (PN) appearance 
(tPNa), time of PN fading (tPNf), division time of two to 
eight blastomeres (t2 to t8), time of the first fusion of two 
blastomere membranes (tC), time when all cell bounda-
ries were not obvious to form into morula (tM), time of 
starting blastulation (tSB), time of the hatched blastocyst 
(tHB), time of the third cell cycle (cc3 = t5–t3), time of 
the second synchrony (s2 = t4–t3), and time of the third 
synchrony (s3 = t8–t5). In addition, we observed the fol-
lowing dysmorphisms: multinucleation at the 2-cell 
stage (MN2), fragmentation at the 2-cell stage (> 25% 
cytoplasmic fragments, Frag-2), and uneven cleavage 
at the 2-cell/4-cell stage (> 25% uneven blastomere size, 
uneven-2/uneven-4). Single blastomeres dividing directly 
from one to three cells within 5  h (direct cleavage) and 
cleavage of reabsorbed blastomeres (reverse cleavage) 
was also observed. The KIDScore is an AI embryo scor-
ing program using time lapse incubation system, and 
was initially written as “KIDScore, Vitrolife” and later as 
"KIDScore." This score can be obtained using the Embry-
oViewer software, based on kinetic parameters, and has 
been proved to be associated with embryo implantation 
potential [30]. A kappa value that can test the inter-rater 
reliability of qualitative parameters was adopted for cat-
egorical variables. The kappa values for MN2, Frag-2, 
direct cleavage, uneven-2, uneven-4, and reverse cleavage 
were 0.97, 0.91, 0.95, 0.84, 0.88, 1.00, respectively.

PGT testing and mosaicism classification
NGS is a platform that has been recognized as the most 
efficient in detecting mosaicism due to its superior res-
olution in both whole chromosomes and segmental 
regions [42]. The biopsies were analyzed for the ploidy 
status using NGS in accordance with our genetic labo-
ratory guidelines [3]. Briefly, the whole genome DNA of 
TE biopsies was amplified and randomly fragmented, to 
construct a library using the pre-implantation genetic 
screening for aneuploidy kit (Berry Genomics Corp., Bei-
jing, China). Purified libraries were pooled, denatured, 
and sequenced using a NextSeq CN500 sequencer (Illu-
mina Inc.). All the sequencing reads were aligned to the 
human genome sequence (hg19). The size threshold for 
calling copy number variations (CNVs) was ≥ 3 Mb, and 
that for calling mosaic CNVs was ≥ 5 Mb.

The ploidy results of the samples were carefully ana-
lyzed and checked by two experienced technicians. 
Embryos that contained gain or loss of complete or seg-
mental chromosomes in at least one of the 23 pairs of 
chromosomes were classified as aneuploid. Based on the 
diploid-aneuploid ratios detected by the NGS platform 
in the TE biopsy cells, blastocysts are classified as: (1) 
the “euploid embryo” group, representing the embryos 
with 0–20% of aneuploid cells, which means it includes 
euploid embryos without any chromosomal mosaicism 
and embryos with less than 20% mosaicism, as the 20% 
mosaicism is a detection threshold for NGS based PGT; 
(2) the “mosaic embryo” group, representing the embryos 
containing 20%–80% of aneuploid cells, which means it 
includes the embryos with low-level (20%–50%) mosaic 
embryos and high-level (50%–80%) mosaic embryos; (3) 
the “aneuploid embryo” group, representing embryo con-
tains more than 80% of aneuploid cells. As the presence 
of two or more chromosomally different cell lines may 
also appear in aneuploid embryos, aneuploid embryos 
were further classified as mosaic with aneuploid embryos 
that implied a meiotic abnormality superimposed with 
post-zygotic mitotic abnormalities, and uniformly ane-
uploid embryos [3, 43]. In conclusion, the embryos for 
kinetic analysis were classified as euploid, mosaic, mosaic 
with aneuploid, and aneuploid embryos. In addition, 
mosaic embryos were subgrouped into whole (affecting 
exclusively whole chromosome abnormalities), segmen-
tal (affecting exclusively segmental chromosome abnor-
malities), and complex mosaic embryos (affecting more 
than one chromosome abnormalities) according to the 
involvement of chromosome structures and numbers for 
the evaluation of transfer outcomes.

Embryo transfer and outcome parameters
In the clinical report, euploid embryos were recom-
mended for transfer in priority, and low-level mosaic 
embryos containing > 20% and ≤ 50% abnormal cells were 
recommended to be retained and underwent genetic 
counseling before transfer. The priority of embryo trans-
fer was determined according to chromosomal status 
firstly and the morphological grade secondly. A single 
blastocyst transfer was conducted when endometrial 
thickness reached 8 mm following hormone replacement 
treatment.

Embryo implantation was defined as positive serum 
β-HCG levels 14  days after embryo transfer. Clinical 
pregnancy was defined as visualization of the gesta-
tional sac on ultrasonography at 7 weeks of pregnancy. 
Ongoing pregnancy was confirmed when a pulsating 
fetal pole was present at 12 weeks of gestation. Miscar-
riage was defined as nonvisualization of the gestational 
sac at 7  weeks of pregnancy or pregnancy loss after 
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7  weeks of pregnancy. The rate of implantation, clini-
cal pregnancy, and live birth was calculated per embryo 
transferred.

Statistical analysis
Normal distribution of continuous variables was 
examined using histogram visualization and the Sha-
piro–Wilk test. As all parameters showed a skewed 
distribution, the variables were tested using non-para-
metric tests. Data are presented as median (interquar-
tile range) for continuous variables or number (%) for 
categorical variables. The baseline characteristics of the 
embryos included were compared using the Wilcoxon 
rank–sum test. The Kruskal–Wallis test was adopted 
to compare the morphokinetic parameters among 
groups of embryos classified by ploidy status, followed 
by Bonferroni corrections. Categorical variables were 
compared using χ2 test or Fisher’s exact test. Logistic 
regression models were constructed to test the cor-
relation between the baseline, morphokinetic param-
eters and ploidy status. Statistical significance was set 
at P < 0.05. The propensity score matching (PSM) was 
carried out using a caliper width of 0.2 of the standard 
deviation of the logit of the propensity score and 1:30 
ratio by nearest neighbor matching, to better adjust 
for the potential confounding factors of cycle charac-
teristics including PGT indication, antral follicle count, 
female age at controlled ovarian stimulation, female age 
at transfer cycle, number of transfer cycles, and endo-
metrial thickness at transfer of the mosaic and euploid 
embryos. Analyses were carried out using SPSS version 
26 (IBM Corporation) and figures were created using 
Prism version 9.3.1 (GraphPad Software).
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