
Vol.:(0123456789)

Journal of Assisted Reproduction and Genetics 
https://doi.org/10.1007/s10815-024-03364-7

EMBRYO BIOLOGY

Time‑lapse analysis of embryos classified as euploid, mosaic, 
and aneuploid after embryonic trophectoderm biopsy

Ilaria Listorti1,2   · Giulia Pirastu1   · Alessandra Ruberti1 · Marzia Barberi1 · Andrea Pristerà1 · Vincenzo Zazzaro1 · 
Francesca Spinella3   · Maria Teresa Varricchio1 · Manuel Viotti4   · Ermanno Greco1,5   · Pierfrancesco Greco1

Received: 15 April 2024 / Accepted: 16 December 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2025

Abstract
Purpose  Analyze morphokinetic, morphology, and KIDscore™Day5 in different PGT-A classes, focusing on putative mosai-
cism level and type.
Methods  The single-center retrospective study analyzed 832 embryoscope-cultured blastocysts from cycles with at least one 
putative mosaic, conducted from 2020 to 2022. A P-value < 0.05 was considered statistically significant.
Results  Putative mosaic embryos were significantly delayed compared to euploid in tPNF, t2, t4, t7, and t8 but significantly 
faster than aneuploid in tPNF, t2, t3, t4, t5, tSC, tM, tSB, and tB. Regarding the level, low-putative mosaic embryos (< 50%) 
showed significantly earlier tSC, tM, tSB, and tB compared to aneuploid, whereas high-putative mosaic embryos exhibited 
significantly earlier tSB and tB. Concerning the type of putative mosaicism, segmental aneuploidies reached significantly 
earlier t8, tM, and tB than complex aneuploidies. The study also investigated the usefulness of KIDscore™Day5 for embryo 
selection as an additional tool to PGT-A. A significant decrease in KIDscore™Day5 was observed from euploid to low-
putative mosaic, from high-putative mosaic to aneuploid, and between segmental and complex-putative mosaic. The observed 
differences in KIDscore™Day5 were partially confirmed by transfer results: euploid blastocysts showed the most favorable 
clinical outcomes compared to low- and high-putative mosaics. Additionally, both euploid and segmental putative mosaic 
embryos exhibited the best clinical results compared to whole chromosome and complex putative mosaic. Moreover, within 
the same PGT-A class, embryos with the lowest KIDscore™Day5 values had significantly lower clinical results.
Conclusions  The data highlight that morphology, morphokinetics, and chromosome content in trophectoderm biopsy are 
closely related, and the KIDscore™Day5 algorithm reflects this interplay.
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Introduction

Chromosomal mosaicism, defined as a condition in which 
there is more than one karyotypically distinct cell popula-
tion (whole chromosomes or segmental abnormalities) in 
a single embryo, is a common biological phenomenon in 
human preimplantation embryos [1].

With the advancements in preimplantation genetic test-
ing (PGT), based on next-generation sequencing (NGS), the 
sensitivity of intermediate copy number (ICN) detection has 
improved significantly, providing more accurate quantifica-
tion of copy number changes in trophectoderm (TE) biopsy 
samples [2]. Consequently, data interpretation and clinical 
management of putative mosaic TE-results have become 
more challenging.
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Since the first report of healthy live births from embryo 
transfer with a putative mosaic TE-result [3], several other 
studies have been conducted in order to investigate the clini-
cal outcomes of this type of embryo [4–7]. Recently, a mul-
ticentric study based on data from the International Registry 
of Mosaic Embryo Transfer (IRMET) on 3000 + putative 
mosaic embryos confirmed significantly lower ongoing preg-
nancy rates compared to euploid embryos [8]. In a prospec-
tive non-selection trial, the live birth rate, miscarriage rate, 
and obstetrical outcomes for low-to-medium putative mosaic 
embryos (< 50%) were reported to be similar to those of 
euploid embryos. The same study found, after the disaggre-
gation of 20 high-level (50–70%) putative mosaic embryos, a 
uniform aneuploidy in 65% of the cases [9]. In contrast, there 
was evidence that even high-level putative mosaic embryos 
can lead to successful pregnancies and healthy babies [10]. 
Remarkably, case reports have confirmed the presence of 
mosaicism in aborted pregnancies or babies born following 
the transfer of low-level putative mosaic embryos [11, 12]. 
In summary, there is an imbalance in the published data and 
further scientific studies are needed to determine whether a 
putative mosaicism result by TE biopsy actually represents a 
separate PGT-A class of embryos or whether it is simply the 
result of different technical laboratory artifacts (ex., techni-
cal noise), as claimed by some authors [13]. Furthermore, 
it should be noted that the presence of mosaicism in a TE 
biopsy may not reflect the chromosomal constitution of the 
whole embryo. All these issues complicate the management 
of patients with only embryos that have putative mosaicism 
as a TE biopsy result.

Recently, predictive models based on morphokinetic data 
have been developed to reduce the chance of selecting ane-
uploid embryos [14, 15]. Embryo abnormalities have been 
associated with alterations during the early cleavage stages 
[16] as well as delays in compaction and blastulation [17, 
18]. Additionally, it has been observed that blastocyst mor-
phology can be affected by chromosomal abnormalities [19, 
20].

While more studies have focused on morphokinetic in 
euploid and aneuploid embryos, there is limited research on 
putative mosaic embryos. Some authors have reported mor-
phokinetic delays in NGS-tested high-level putative mosaic 
embryos compared to euploid ones [21]; other authors have 
shown a morphokinetic overlap between putative mosaic 
embryos and euploid and aneuploid ones [22].

In this study, morphokinetic parameters, morphology, and 
Know Implantation Data Score Day 5 (KIDScore™ Day5, 
KS-5, Vitrolife) were used to analyze embryos with TE biop-
sies resulting respectively as euploid, mosaic, or aneuploid. 
The aim was to investigate whether different amounts of 
aneuploid cells in TE biopsies could impact embryo devel-
opment. Morphokinetic assessment may emerge as an addi-
tional tool, complementary to genetic counseling, to identify 

priority criteria for the transfer of embryos with a putative 
mosaic TE-result.

In the rest of the text, TE biopsy results of euploidy, ane-
uploidy, and mosaicism are referred to as euploid, aneuploid, 
and putative mosaic embryos.

Materials and methods

Study design and population

This retrospective cohort study analyzed 832 blastocysts 
from 212 PGT-A cycles performed on 196 infertile couples 
from June 2020 to October 2022 at the Villa Mafalda Repro-
ductive Medicine Department (Rome, Italy). Embryos were 
monitored by means of the TLI and were analyzed by NGS 
after a TE biopsy. The study group included cycles with at 
least one mosaic detected. Cycles with only euploid or ane-
uploid embryos detected were excluded.

PGT-A indications were as follows: female age > 35 years 
(AMA), repeated implantation failure (RIF), recurrent spon-
taneous miscarriage (RM), male factor (MF), and other indi-
cations (more than one of the previous factors, unexplained 
infertility, and elective PGT-A). Women with BMI > 35 (kg/
cm2) and males with azoospermia were excluded from the 
study.

All patients signed an informed consent for the anony-
mous use of their clinical and biological data. The ethics 
committee stated that this study, due to its retrospective 
nature, did not require institutional review board approval.

Ovarian stimulation, insemination technique, 
and embryo culture

For all the patients, controlled ovarian stimulation (COS) 
was performed using gonadotropin-releasing hormone 
antagonist (GnRh-a) short protocol [23]. Individualized 
recombinant gonadotrophins treatment was started from the 
2nd day of the menstrual cycle according to the patient’s 
characteristics. During COS, ovarian response was moni-
tored by routine serum of luteinizing hormone (LH) and 
estradiol (E2) levels, and ultrasound measurement of fol-
licular size every 2 or 3 days. Doses were adjusted accord-
ing to patient response. Ganirelix (Orgalutran 0.25 mg/50 
ml, MSD, Italy) was administered from the day a follicle 
larger than 13 mm was identified. When at least one follicle 
reached a diameter of ≥ 18 mm, recombinant human cho-
rionic gonadotropin (rhCG, Ovitrelle, Merck Serono, Italy) 
or 0.3 mg of triptorelin acetate (Decapeptyl, Merck, Italy) 
was administered to trigger ovulation; oocyte retrieval was 
performed 35–36 h later under sedation.

All the biological procedures were performed accord-
ing to our standard laboratory procedures, as described 
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elsewhere [20]. The total number of oocytes included in 
the study were inseminated using intracytoplasmic sperm 
injection (ICSI). Inseminated oocytes were incubated in 
pre-equilibrated EmbryoSlides (EmbryoSlide®, Vitrolife, 
Gothenburg, Sweden) with 180 µl of sequential media 
(G-1TMplus, G-2TMplus, Vitrolife, Gothenburg, Sweden) 
and 1.6 ml of mineral oil (OVOIL™, Vitrolife, Gothenburg, 
Sweden) in EmbryoScope + incubator (Vitrolife, Sweden) 
at 37 °C, 5% O2, and 6% CO2, until the blastocyst stage (day 
5/6/7). On day 3 a media changeover was performed.

TLI assessment

TLI assessment was performed by two trained senior embry-
ologists to reduce inter-operator variability. All times were 
noted in hours post insemination (hpi), blinded from the 
genetic results.

The following morphokinetic parameters were analyzed 
by strictly observing the annotation protocol [24]: second 
polar body extrusion (tPB2); fertilization -confirmed by the 
presence of two pronuclei and two polar bodies-; pronuclear 
fading (tPNf); division to 2, 3, 4, 5, 6, 7, and 8 cells (t2, t3, 
t4, t5, t6, t7, t8); time between 2- and 3-cell stage (cc2) and 
between 3- and 4-cell stage (s2); start of compaction (tSC); 
timing of morula formation (tM); start of blastulation (tSB); 
and full blastocyst formation (tB).

The morphology of the blastocysts analyzed was assessed 
according to Gardner and Schoolcraft criteria [25] and clas-
sified for the inner cell mass (ICM) and TE quality into 
excellent (AA), good (AB/BA), average (BB/AC/CA), and 
poor quality (CC/BC/CB) [26].

Embryo evaluation was also carried out using the KID-
score™ Day5 version 3.2 (KS-5.3.2) algorithm, a decision 
support tool integrated within time-lapse systems (Embryo-
Viewer software; Vitrolife). This algorithm was developed 
using a multicenter dataset of over 5000 embryos with 
Known Implantation Data (KID embryos).

The current version (KS-5.3.2) classifies embryos based 
on: cleavage regularity, developmental timing (t2, t3, t4, t5, 
tB), and blastocyst quality (ICM/TE quality). Only embryos 
with a normal fertilization (2PN) were considered from the 
algorithm. The EmbryoViewer software generates a final 
linear score, ranging from 1 to 9.9, that reflects the statistical 
chance of embryo implantation, from low to high. Although 
KS-5.3.2 is a copyright-protected tool, it has been retrospec-
tively validated in various studies [27, 28].

PGT‑A and mosaicism classification

All blastocysts (day 5/6 or 7) underwent PGT-A using 
the NGS-based platform VeriSeq (Vitrolife, Gothen-
burg, Sweden). Trophectoderm cell biopsy and blasto-
cyst freezing were performed in accordance with our 

laboratory’s protocol, as reported elsewhere [20]. At the 
Eurofins Genoma group laboratory, cells were lysed, and 
genomic DNA was fragmented and randomly amplified 
using the SurePlex DNA Amplification System (Vitrolife, 
Gothenburg, Sweden) according to the manufacturer’s pro-
tocol. The whole-genome amplified DNA product of each 
sample was processed to prepare a genomic DNA library 
using VeriSeq PGS workflow (Vitrolife, Gothenburg, Swe-
den). Purified DNA libraries were normalized using Ver-
iSeq’s library normalization protocol. Equal volumes of 
normalized samples were pooled, denatured, and sequenced. 
The MiSeq Reagent Kit v.3 (Illumina, San Diego, CA, USA) 
was used on a miSeq System (Illumina, San Diego, CA, 
USA). The sequencing data were analyzed using BlueFuse 
Multi Software (Vitrolife, Gothenburg, Sweden). The NGS 
platform for mosaic embryo detection was validated at Euro-
fins Genoma laboratory group using DNA and/or cell mixes 
as follows: single cells from a euploid (46, XY) cell line 
were mixed with aneuploid cell lines (47, XX, þ18 and 47, 
XX, þ21) at different ratio [3, 29].

Embryos showing ICN values for one or more whole 
chromosomes or sub-chromosomal (segmental) regions were 
classified as putative mosaic embryos. The ICN range was 
defined between 1.2 and 1.8 for a mosaic loss, and 2.2 and 
2.8 for a mosaic gain (also known as the 20%−80% thresh-
old) [1]. Inside this range, embryos were stratified into two 
classes: low-level (< 50%) and high-level ( ≥ 50%) [7]. If 
more than one abnormality was detected, a higher percent-
age of mosaicism was considered. Biopsy profile < 20% was 
annotated as euploid and that > 80% as aneuploid.

The putative mosaic embryos were classified also for the 
type of chromosomal abnormalities into: segmental ane-
uploidies (single or double) that involved the gain or loss of 
chromosomal fragments [4]; whole chromosome aneuploi-
dies (single or double monosomies or trisomies); and com-
plex aneuploidies (more than two chromosomes involved). 
TE biopsy specimens showing a mosaic with a segmental 
abnormality and a single whole chromosome aneuploidy 
were included in the whole chromosome aneuploidy group.

Frozen embryo transfer

Blastocysts selected for single frozen embryo transfer (s-FET) 
were thawed using the Irvine thawing kit (FujiFilm Irvine, 
USA). The transfer procedure was performed 2/3 h after thaw-
ing. Endometrial preparation was achieved by combining 
GnRH agonist and estrogen pills or in a spontaneous cycle. A 
single blastocyst was transferred into the uterus under transab-
dominal ultrasound guidance using a Wallace catheter (Wal-
lace; Smith Medical, Dublin, Ireland). Blastocyst selection for 
transfer was primarily based on the PGT-A result and second-
arily on morphology, according to Gardner and Schoolcraft 
criteria [25]. Blastocysts with a PGT-A putative mosaic result 
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were transferred in the absence of available euploid embryos 
after appropriate genetic counseling.

Statistical analysis

Continuous variables were expressed as mean and standard 
deviation (SD) or standard error (SE), and categorical vari-
ables as number and percentage frequency.

Categorical variables were compared using χ 2 test or 
Fisher exact test at the 95% confidence level.

To account for multiple data from the same patient, sev-
eral mixed linear models were used to assess differences in 
morphokinetic parameters across all groups. The morphoki-
netic parameters were considered as the dependent variables, 
groups as the fixed factors, and the patient as a random fac-
tor. A logistic mixed effects model was performed to evaluate 
the difference between groups for the morphological classes. 
If overall statistical significance was found, pairwise com-
parisons between groups were conducted and the resulting 
P-values were adjusted according to the Benjamini-Hochberg 
(BH) method to control the false discovery rate due to multiple 
comparisons.

Stata 16.1 software and GraphPad Prism 9.0.1 were used. A 
P-value < 0.05 was considered statistically significant.

Sample size calculation

The primary outcome of the study was to evaluate whether 
low-level putative mosaic embryos, high-level putative mosaic 
embryos, euploid, and aneuploid embryos differed in KS-5.3.2. 
The secondary outcomes included an assessment of morphoki-
netic and morphology of embryos in different PGT-A classes.

Sample size calculation was performed to evaluate whether 
the sample size of 832 blastocysts was sufficient to correctly 
assess the primary endpoint, the higher mean KS-5.3.2 in the 
euploid group and the lower in the aneuploid group.

It was calculated considering a standard deviation of 3 for 
all 4 groups (euploid, low-level mosaic, high-level mosaic, 
aneuploid embryos). A total sample size of 416 embryos 
will be sufficient to evaluate statistical differences between 
the groups with an alpha level of 0.05 and a power of 0.90 if 
the embryos are equally distributed across the four groups. 
In this study, a total of 360 blastocysts were needed, assum-
ing the high-level mosaic group is one-third the size of the 
others.

Results

Patient characteristics and PGT‑A results

A total of 832 blastocysts from 212 PGT-A cycles, per-
formed in a TL incubator, with ≥ 1 putative mosaic were 

included in the study. The patient and cycle characteristics 
are described in Table 1. There were 196 patients, and the 
mean female age per cycle was 35.64 ± 5.56 years. As shown 
in Fig. 1, the prevalence of mosaicism did not vary among 
different female age groups (P = 0.6645). Conversely, the 
prevalence of euploid embryos decreased while that of ane-
uploid embryos increased with female age (P < 0.0001). The 
PGT-A results and stratification of putative mosaic embryos 
by the level or type are shown in Table 1.

The baseline demographic and cycle characteristics of 
the embryos divided for ploidy classes (euploid/aneuploid/ 
low-level and high-level putative mosaic) were compared in 
supplementary table S1. Euploid embryos showed signifi-
cantly lower maternal age than the other groups (P < 0.01), 
whereas, female BMI, AMH levels, male age, and cycle 
characteristics were similar among groups.

Association between morphokinetic parameters 
and chromosomal status

Firstly, the morphokinetic parameters of putative mosaic 
embryos were compared to euploid and aneuploid embryos 
(Table 2).

Putative mosaic embryos were delayed significantly 
compared to euploid in tPNf (P = 0.005), t2 (P = 0.005), 
t4 (P = 0.021), t7 (P = 0.006), and t8 (P = 0.033). Whereas, 
compared to aneuploid embryos, they showed some signifi-
cantly earlier cleavage times (tPNf, P = 0.007; t2, P = 0.015; 
t3 P = 0.022; t4, P = 0.021; and t5, P = 0.039); moreover, 
they started compaction, and events to reach full blastocyst 
significantly earlier (tSC, P = 0.007; tM, P = 0.002; tSB, 
P < 0.001; tB, P < 0.001).

Regarding comparison between euploid and aneuploid 
embryos, the aneuploid ones were significantly delayed at 
each time point, except for tPB2. Thus, as expected, among 
the blastocysts biopsied on day 7 (n = 33), 52% (n = 18) were 
categorized by PGT-A as aneuploid, 30% (n = 10) as putative 
mosaic, and 15% (n = 5) as euploid (P < 0.01).

Morphokinetic parameters in classes of putative 
mosaic embryos

Secondly, the study analyzed whether the type or level of 
chromosomal abnormality of putative mosaicism affects the 
morphokinetic parameters (Table 3).

From pairwise comparisons between putative mosaic 
embryos divided by type of abnormality, complex ane-
uploidies showed a significant delay compared to segmen-
tal aneuploidies in t8 (P = 0.048), tM (P = 0.042), and tB 
(P = 0.039) and only in t8 compared to whole chromosome 
aneuploidies (P = 0.048).

From comparison between low- and high-level putative 
mosaic embryos, no statistical differences were recorded.
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On the contrary, as shown in Table 4, low-level puta-
tive mosaic embryos were significantly slower than euploid 
embryos in tPNf (P = 0.006) and t2 (P = 0.006); while, they 
were significantly faster than aneuploid embryos from the 
onset of embryo compaction until the full blastocyst devel-
opment (tSC, P = 0.012; tM, P = 0.003; tSB, P < 0.0001; 
tB, P < 0.0001). High-level putative mosaic embryos 
were significantly delayed compared to euploid ones in t7 

(P = 0.009) and faster compared with aneuploid embryos in 
tPNF (P = 0.032), t2 (P = 0.048), tSB (P = 0.026), and tB 
(P = 0.004).

KIDscoreTMDay5 in classes of putative mosaic 
embryos

KS-5.3.2 was evaluated among the different PGT-A classes 
of embryos (Fig. 2). The KS-5.3.2 decreased from euploid 
(6.13, 0.14) to low-putative mosaic embryos (5.32, 0.16, 
P < 0.001) and from high- putative mosaic (4.81, 0.23) to 
aneuploid embryos (4.24, 0.14, P = 0.0036). No significant 
differences were found between low- and high-level putative 
mosaic embryos (P = 0.073).

Complex aneuploid putative mosaic embryos showed 
a statistically significant lower KS-5.3.2 mean value com-
pared to segmental aneuploidies (4.68, 0.19 vs 5.85, 0.24, 
P < 0.001).

Morphology evaluation and chromosomal status

The study analyzed the blastocyst morphology distribu-
tion among euploid, aneuploid, and putative mosaic PGT-A 
results. As shown in Fig. 3, blastocysts with a putative 
mosaic PGT-A result exhibited an intermediated rank for 
each class of morphology. In particular, the putative mosaic 
class showed fewer excellent and more poor-quality blasto-
cysts compared to the euploid class (P < 0.001), and more 
excellent and fewer poor-quality blastocysts compared to the 
aneuploid class (P = 0.001). The morphology was not evalu-
ated in putative mosaic embryos divided by level or type, 
as further classification would require a larger study group.

Clinical outcomes

The clinical outcomes of a total of 144 euploid s-FETs and 
of 82 putative mosaic s-FETs were evaluated.

Firstly, as shown in Table 5, the study analyzed the clini-
cal outcomes of putative mosaic embryos divided by level: 
the implantation rate (IR) in the low-level (n = 26, 40%) 
and high-level putative mosaic (n = 4, 23.5%) groups was 
significantly lower compared to euploid group (n = 82, 
56.9%; P = 0.0257 and P = 0.0105 respectively). These 
results reflected the corresponding differences in KS-5.3.2 
observed in the transferred blastocysts (KS-5.3.2: euploid 
vs low-level P = 0.0028; euploid vs high-level P = 0.002). 
The ongoing pregnancy/live birth rate (OP/LBR) differed 
only between euploid and high-level putative mosaic groups 
(n = 76, 52.8% vs n = 3, 17.6%; P = 0.0088).

Secondly, the clinical outcomes in putative mosaic 
embryos divided by type of abnormality were evaluated: 
both euploid blastocysts (56.9%; 52.8%) and segmental 
putative mosaic blastocysts (n = 17, 60.7%; n = 16, 57.1%) 

Table 1   Patient, cycle characteristics and PGT-A outcomes. Data 
are presented as n (%) for categorical variables or mean and stand-
ard deviation for continuous variables. BMI body mass index, AMH 
anti-müllerian hormone, PGT-A preimplantation genetic testing for 
aneuploidies, AMA advanced maternal age, RIF repeated implantation 
failures, RM repeated miscarriages, MF male factor, GnRH gonado-
trophin-releasing hormone. The PGT-A indication “other” includes: 
more than one of the previous factors, unexplained infertility and 
elective PGT-A. Abnormal semen samples do not include azoosper-
mic sample. Embryos with chromosomally mosaic results after TE 
biopsy will be labeled as “mosaic”

Number of PGT-A ICSI cycles 212
Number of patients 196
Mean number of controlled ovarian stimulation  

cycles per patient
1.1

Female age (years) 35.64 ± 5.56
Male age (years) 40.83 ± 10.08
Female BMI (Kg/m2) 22.07 ± 3.47
AMH levels (ng/ml) 2.86 ± 2.36
PGT-A indication per cycle

 AMA 104 (49.1%)
 RIF 11 (5.2%)
 RM 3 (1.4%)
 MF 24 (11.3%)
 Other 70 (33.0%)

Ovarian stimulation protocol
 GnRH antagonist protocol 212 (100%)

Sperm quality per cycle
 Normal 70 (33.0%)
 Abnormal 142 (67.0%)

Retrieved oocytes 2400
Mature oocytes 1860 (77.5%)
Fertilized oocytes (2PN) 1320 (71.0%)
Blastocysts obtained 884 (67.0%)
Blastocyst analyzed for PGT-A 832

 Aneuploid blastocysts 232 (27.9%)
 Mosaic blastocysts 293 (35.2%)
 Euploid blastocysts 307 (36.9%)

Stratification of mosaic blastocysts by level 293
 Low-level 216 (73.7%)
 High-level 77 (26.3%)

Stratification of mosaic blastocysts by type 293
 Segmental aneuploidies 84 (28.7%)
 Whole chromosome aneuploidies 79 (26.9%)
 Complex aneuploidies 130 (44.4%)
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exhibited the best results in term of IR and LB/OPR respect 
to whole chromosome putative mosaic (n = 6, 24%; n = 5, 
20%, P < 0.01) and complex putative mosaic (n = 7, 24.1%; 
n = 7, 24.1%, P < 0.01), respectively. Pairwise comparisons 
are shown in Table 6. These results were partially confirmed 
by KS-5.3.2 of transferred blastocysts.

Because euploid embryos are given first priority for 
transfer and, in some patients, mosaic embryos were trans-
ferred as a second choice, the LB/OPR was also evaluated 
on the first sFET (both for euploid and putative mosaic 
subgroups) in order to reduce maternal specific effect. The 
significant differences reported above between different 
PGT-A classes in terms of LB/OPR were confirmed, as 
shown in supplemental Tables 2 and 3.

Fig. 1   Ploidy rates stratified 
by age. Percentage of euploid, 
putative mosaic, and aneuploid 
embryos (trophectoderm biopsy 
results) in different classes of 
female age (cycles with at least 
one mosaic embryo). χ2 test 
was used at the 95% confidence 
level. P-value < 0.05 was con-
sidered statistically significant. 
Embryos with chromosomally 
mosaic results after TE biopsy 
will be labeled as “mosaic”

Table 2   Morphokinetic parameters in euploid, aneuploid and mosaic 
embryos (trophectoderm biopsy results). tPB2,  second polar body 
extrusion; tPNf pronuclear fading; t2, t3, t4, t5, t6, t7, t8, time to 2, 
3, 4, 5, 6, 7, 8, cells divisions, respectively; tM morula formation, tSB 
starting blastulation, tB full blastocyst stage; cc2 = t3–t2; s2 = t4–t3. 
n number, SE standard error. The values are expressed in hours post 

insemination. A linear mixed model was performed. P-value < 0.05 
was considered statistically significant. When the overall P-value 
was not statistically significant, post hoc analysis was not performed. 
Embryos with chromosomally mosaic results after TE biopsy will be 
labeled as “mosaic”

Euploid embryos Mosaic embryos Aneuploid embryos Overall P Post comparisons P

Morphokinetic 
parameters

n = 232 n = 293 n = 307 Euploid vs 
aneuploid

Euploid vs 
mosaic

Mosaic vs 
aneuploid

Mean (SE) Mean (SE) Mean (SE)
tPB2 3.85 (0.09) 3.95 (0.080) 4.07 (0.08) 0.119 - - -
tPNf 23.82 (0.24) 24.54 (0.21) 25.14 (0.22)  < 0.001  < 0.001 0.005 0.007
t2 26.59 (0.26) 27.41 (0.23) 28.02 (0.24)  < 0.001  < 0.001 0.005 0.015
t3 37.37 (0.35) 37.75 (0.31) 38.57 (0.31) 0.003 0.003 0.309 0.022
t4 38.92 (0.36) 39.90 (0.32) 40.75 (0.32)  < 0.001  < 0.001 0.021 0.021
t5 49.99 (0.54) 50.17 (0.47) 51.46 (0.47) 0.029 0.039 0.771 0.039
t6 52.42 (0.55) 53.72 (0.48) 54.75 (0.49) 0.001  < 0.001 0.056 0.073
t7 55.07 (0.65) 57.27 (0.57) 58.19 (0.58)  < 0.001  < 0.001 0.006 0.185
t8 58.96 (0.80) 61.08 (0.70) 62.69 (0.71)  < 0.001  < 0.001 0.033 0.057
tSC 85.95 (0.79) 86.29 (0.69) 88.46 (0.71) 0.003 0.007 0.691 0.007
tM 93.62 (0.81) 94.54 (0.71) 97.24 (0.73)  < 0.001  < 0.001 0.305 0.002
tSB 103.75 (0.79) 104.23 (0.69) 108.47 (0.7)  < 0.001  < 0.001 0.594  < 0.001
tB 111.80 (0.87) 113.41 (0.75) 119.18 (0.77)  < 0.001  < 0.001 0.112  < 0.001
CC2 10.77 (0.22) 10.34 (0.19) 10.51 (0.19) 0.261 - - -
S2 1.56 (0.22) 2.18 (0.20) 2.14 (0.19) 0.061 0.063 0.063  > 0.05
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Correlation between clinical outcomes and KS‑5.3.2 
in the same PGT‑A class

To evaluate the clinical efficiency in embryo selection of 
KS-5.3.2 in the same PGT-A result class, the IR and OP/
LBR of a total of 144 euploid s-FETs and 65 low-level 
putative mosaic s-FETs in different KS-5.3.2 groups were 
retrospectively evaluated (Fig. 4).

Euploid blastocysts from a lower KS5.3.2 value range 
([1.5;5.9], n = 49, IR = 40.8%; LB/OPR = 36.7%) dis-
played a significantly lower IR and OP/LBR than euploid 
blastocysts from consecutively higher KS-5.3.2 value 
ranges ([6.0;7.9], n = 50, IR = 64%, LBR = 62%, P < 0.05; 
[8.0;9.9], n = 45, IR = 64%, LBR = 60%, P < 0.05), Fig. 4a.

The same analyses were performed for putative low-
level mosaic-transferred blastocysts, significant differ-
ences in IR and OP/LBR were found between the group 
of the lower KS-5.3.2 range of values and the intermediate 
KS-5.3.2 range of values ([1.5;5.9], n = 43, IR = 25.6%, 
OP/LBR = 23.3% vs; [6.0;7.9], n = 27, IR = 51.9%, 48.1%, 
P < 0.05.). No statistical difference was found for the high-
est KS-5.3.2 range of values [8.0–9.0] (Fig. 4b).

Discussion

The primary challenge in assisted reproduction is to improve 
clinical outcomes in order to achieve a live birth from a 
single embryo transfer. With the implementation of PGT-A 
using NGS on trophectoderm biopsies, the detection of ICN 
in chromosomal analysis has become more frequent, making 
the management of PGT-A results more challenging [30]. 
During data collection, the prevalence of mosaicism detec-
tion was 21%, which aligns with the range of 11.0–25.7% 
reported by Viotti et al. (2021) in a multi-center study [7]. 
The high incidence of mosaicism (35.2%) reported here was 
specific of the study setting: PGT-A cycles with at least one 
putative mosaic embryo detected were considered. In the 
“Good practice recommendations for the use of time-lapse 
technology,” the authors annotated maternal age, maternal 
BMI, ovarian stimulation protocol, and ovarian reserve as 
possible confounding factors with the use of time-lapse algo-
rithms [24]. Moreover, laboratory factors like the insemina-
tion technique, culture medium composition, PH, tempera-
ture, osmolality, and O2 concentration of the medium may 
influence the embryonic aneuploidy rate [31, 32]. Thus, the 

Table 3   Morphokinetic parameters in different classes of mosaic 
embryos (trophectoderm biopsy results). tPB2 second polar body 
extrusion; tPNf, pronuclear fading; t2, t3, t4, t5, t6, t7, t8, time to 2, 3, 
4, 5, 6, 7, 8, cells divisions, respectively; tM morulae formation, tSB 
starting blastulation, tB full blastocyst stage, n number, SE standard 

error. The values are expressed in hours post insemination. A linear 
mixed model was performed. a–bDifferent superscript letters indicate 
a significant difference in post hoc analysis. P-value < 0.05 was con-
sidered statistically significant. Embryos with chromosomally mosaic 
results after TE biopsy will be labeled as “mosaic”

Mosaic embryos type Mosaic embryos level

Complex aneuploid Segmental aneuploid Whole chr. aneuploid Low-level
 < 50%

High-level
 ≥ 50%

Morphoki-
netic param-
eters

n = 130 n = 84 n = 79 Overall P n = 216 n = 77 Overall P

Mean (SE) Mean (SE) Mean (SE) Mean (SE) Mean (SE)

tPB2 3.92 (0.10) 3.93 (0.12) 4.04 (0.12) 0.717 3.90 (0.08) 4.12 (0.13) 0.117
tPNf 24.58 (0.30) 24.37 (0.37) 24.61 (0.39) 0.859 24.60 (0.25) 24.31 (0.40) 0.507
t2 27.48 (0.35) 27.23 (0.42) 27.42 (0.44) 0.880 27.50 (0.28) 27.11 (0.44) 0.445
t3 38.03 (0.44) 37.44 (0.52) 37.56 (0.53) 0.610 37.68 (0.35) 37.90 (0.55) 0.705
t4 40.39 (0.46) 39.72 (0.56) 39.32 (0.58) 0.316 39.87 (0.37) 40.00 (0.59) 0.84
t5 50.48 (0.70) 50.07 (0.84) 50.04 (0.87) 0.892 49.92 (0.54) 51.13 (0.88) 0.228
t6 54.69 (0.70) 52.53 (0.84) 53.37 (0.87) 0.112 53.67 (0.55) 53.81 (0.89) 0.889
t7 58.59 (0.87) 56.36 (1.06) 56.18 (1.09) 0.123 56.81 (0.68) 58.63 (1.11) 0.152
t8 63.03 (1.04) a 59.66 (1.26) b 59.39 (1.30) b 0.033 60.62 (0.83) 62.29 (1.34) 0.273
tSC 87.64 (0.98) 84.68 (1.16) 85.41 (1.20) 0.093 85.96 (0.79) 86.76 (1.24) 0.566
tM 96.17 (1.02) a 92.47 (1.20) b 93.81 (1.23) 0.042 94.14 (0.80) 95.29 (1.29) 0.43
tSB 105.61 (1.00) 102.58 (1.22) 103.62 (1.26) 0.126 103.79 (0.79) 105.37 (1.29) 0.284
tB 115.14 (1.08) a 110.98 (1.32) b 113.03 (1.36) 0.045 112.89 (0.85) 114.73 (1.40) 0.254
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approach chosen for the study setting ensured that putative 
mosaic blastocysts were compared to euploid and aneuploid 
embryos with overlapping cycle characteristics.

The study aimed to explore the relationship between 
the morphokinetic and genetic constitution of embryos, 

particularly focusing on the mosaicism result of TE biopsy. 
Firstly, we analyzed the morphokinetic and morphology 
in the main PGT-A categories (euploid, aneuploid, puta-
tive mosaic); secondly, given that both the level and type 
of mosaicism are important criteria in transfer decisions, 

Fig. 2   Distribution of 
KIDscoreTMDay5 version 3.2 
in euploid/low-level mosaic/
high-level mosaic/aneuploid 
blastocysts and in classes of 
mosaic blastocysts classified 
by type (trophectoderm biopsy 
results). PGT-A preimplantation 
genetic testing for aneuploidy, 
chr chromosome, mos mosaic. 
Data are expressed as mean and 
95% confidence interval. Linear 
mixed model analysis was per-
formed. P-value < 0.05 was con-
sidered statistically significant. 
Embryos with chromosomally 
mosaic results after TE biopsy 
will be labeled as “mosaic”

Fig. 3   Distribution of morphol-
ogy classes in euploid, ane-
uploid, and mosaic blastocysts 
(trophectoderm biopsy results). 
The blastocysts were classified 
for the ICM and TE quality into 
excellent (AA), good (AB/BA), 
average (BB/AC/CA), and poor-
quality (CC/BC/CB). PGT-A 
preimplantation genetic testing 
for aneuploidies. Data are 
expressed as percentages. A 
logistic mixed effects model 
was performed. P-value < 0.05 
was considered statistically 
significant. Embryos with 
chromosomally mosaic results 
after TE biopsy will be labeled 
as “mosaic”
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we repeated the morphokinetic comparison by dividing the 
putative mosaic category into subclasses and introducing the 
KS-5 as an additional tool for embryo selection. Finally, to 
validate the time-lapse data, we evaluated the clinical out-
comes of the different ploidy groups.

During the  cleavage stages, compared with euploid 
embryos, putative mosaic embryos were slower in t2, t4, t7, 
and t8, and compared to aneuploid, they were faster in t2, 
t3, t4, and t5. Prolonged cell cycles in embryo development 
are likely to be associated with an activated DNA repair pro-
cess, incorrect attachment of chromosomes to the spindle, 

or failure to complete properly the earlier phases of the cell 
cycle [33]. On the contrary, after embryonic compaction, 
putative mosaic embryos exhibited no significant differences 
compared to euploid embryos. This data may suggest an 
engagement of mosaic embryos in a self-correcting process 
during development. In contrast, the significant delays in 
tM, tSB, and tB observed in aneuploid embryos compared 
to euploid and putative mosaic embryos may indicate an 
inability to self-correct. A slower development to the blas-
tocysts stage for aneuploid embryos was already reported in 
a recent study [17]. Concerning the morphology distribution 

Table 5   Effect of mosaicism level on clinical outcomes. Data are pre-
sented as n (%) for categorical variables or mean and standard error 
for continuous variables. n, number,  s-FET single frozen embryo 
transfer, KS5.3.2  KIDScoreTM Day5 versione 3.2. The ß-hCG value 
was assessed 10 days after embryo transfer. The implantation rate 
was defined as the number of fetal heartbeats, detected by transvagi-
nal ultrasound, on the number of blastocysts transferred. The miscar-
riage rate was the number of spontaneous pregnancy losses before 
week 20 in which a gestational sac/s or heartbeats was previously 

observed, per number of pregnancies. The rate of ongoing pregnancy 
(pregnancy that did not result in an abortion in the first trimester)/live 
births (delivery with at least one live birth after 22 weeks of gesta-
tion) was assessed on transfer cycle. P-values were calculated using 
Kruskal–Wallis tests for continuous variable and χ2 tests/Fisher 
exact at the 95% confidence level for pairwise comparisons of propor-
tions. a–bDifferent superscript letters indicate a significant difference 
(P-value < 0.05). Embryos with chromosomally mosaic results after 
TE biopsy will be labeled as “mosaic”

Euploid blastocysts (n = 144) Low-level mosaic blastocysts 
(n = 65)

High-level mosaic 
blastocysts (n = 17)

No. of s-FET cycles 144 65 17
KS5.3.2 of blastocysts transferred 6.56 (0.18) a 5.66 (0.27) b 4.67 (0.43) b

βhCG + test 106 (73.6%) a 41 (63.1%) 7 (41.2%) b

Implantation rate 82 (56.9%) a 26 (40.0%) b 4 (23.5%) b

Miscarriage rate 6 (7.3%) 1 (3.8%) 1 (25.0%)
Ongoing clinical pregnancy/live birth rate 76 (52. 8%) a 25 (38.8%) 3 (17.6%) b

Birth weight 3192 (67.74) 3184 (87.56) 3385 (285.0)

Table 6   Effect of mosaicism type on clinical outcomes. Effect of 
mosaicism level on clinical outcomes. Data are presented as n (%) 
for categorical variables or mean and standard error for continuous 
variables. n  number,  s-FET single frozen embryo transfer, KS5.3.2 
KIDScoreTM Day5 version 3.2.  The ß-hCG value was assessed 10 
days after embryo transfer. The implantation rate was defined as the 
number of fetal heartbeats, detected by transvaginal ultrasound, on 
the number of blastocysts transferred. The miscarriage rate was the 
number of spontaneous pregnancy losses before week 20 in which a 
gestational sac/s or heartbeats was previously observed, per number 

of pregnancies. The rate of ongoing pregnancy (pregnancy that did 
not result in an abortion in the first trimester)/live births (delivery 
with at least one live birth after 22 weeks of gestation) was assessed 
on transfer cycle. P-values were calculated using Kruskal–Wallis tests 
for continuous variable and χ2 tests/Fisher exact at the 95% confi-
dence level for pairwise comparisons of proportions. a–bDifferent 
superscript letters indicate a significant difference (P-value < 0.05). 
Embryos with chromosomally mosaic results after TE biopsy will be 
labeled as “mosaic”

Euploid blastocysts 
(n = 144)

Segmental mosaic 
blastocysts (n = 28)

Whole chromosome mosaic 
blastocysts (n = 25)

Complex aneuploid 
mosaic blastocysts  
(n = 29)

No. of s-FET cycles 144 28 25 29
No. of blastocysts transferred 144 28 25 29
KS5.3.2 of blastocysts transferred 6.56 (0.18) a 5.94 (0.45) 5.86 (0.36) 4.71 (0.43) b

βhCG + test 106 (73.6%) a 20 (71.4%) a 17 (68.0%) 12 (41.4%) b

Implantation rate 82 (56.9%) a 17 (60.7%) a 6 (24%) b 7 (24.1%) b

Miscarriage rate 6 (7.3%) 1 (5.9%) 1 (16.6%) 0 (0%)
Ongoing pregnancy/live birth rate 76 (52.78%) a 16 (57.1%) a 5 (20.0%) b 7 (24.1%) b

Birth weight 3192 (67.74) 3119 (124.3) 3233 (203.5) 3346 (110.2)
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in the main ploidy classes, in line with previous research, 
a significantly higher rate of excellent blastocysts and a 
lower rate of poor-quality blastocysts were reported in the 
euploid compared to the mosaic group [7, 22]. Additionally, 
in this study, poor-quality blastocysts were more common 
in the aneuploid than in the mosaic categories, suggesting, 
as described previously, a correlation between ICM and TE 
quality and chromosomal euploid/aneuploid status [5].

As mentioned earlier in the text, the study investigated 
whether the aneuploidy cell percentage in TE biopsies 
(mosaicism level) impacts on the morphokinetic. Data 
showed differences between euploid embryos and both low- 
(tPNf and t2) and high-level (t7) putative mosaic embryos.

This partially confirmed Lee’s previous work, which 
reported differences only between high-level mosaic 
embryos and euploid embryos (t5, t8, s2) [21]. Although 
these differences were observed at different time points, a 
susceptibility of putative mosaic embryos to mitotic errors 
emerged.

Regarding the comparison with aneuploid embryos, the 
development to blastocyst stage of euploid embryos, as well 
as that of both low- and high-level putative mosaic embryos, 
proceeded faster. Specifically, euploid embryos differed from 

aneuploid ones in all considered timings; low-level puta-
tive mosaics differed from compaction onwards, and high-
level putative mosaics differed from the start of blastulation 
onwards. This highlights that as the number of aneuploid 
cells in embryos increases, the gap with aneuploid embryos 
narrows. On the contrary, Martin et al. (2021) observed that 
aneuploid blastocysts exhibited a significant delay in blas-
tulation compared only to euploid blastocysts [22]. The dif-
ferences in kinetic parameters reported in our study could be 
attributed to NGS analysis, laboratory conditions, or varia-
tions in the patient cohort. Notably, our study differs from 
that of Martin et al. (2021) in some important aspects: they 
used a 30–70% range to classify putative mosaic embryos, 
and blastocysts with segmental and/or sex chromosome 
mosaicism were not analyzed [22].

To the best of our knowledge, this is the first time the 
morphokinetic behavior of putative mosaic embryos has 
been delineated by analyzing the types of chromosomal 
abnormalities involved in putative mosaicism (segmental 
aneuploidy, whole chromosome aneuploidy, and complex 
aneuploidy). As the complexity of the mosaicism detected 
in the TE biopsy samples increases, there was a delay in 
the blastocyst development. Notably, significant differences 

Fig. 4   Implantation and ongoing pregnancy/live birth rate in dif-
ferent KidScore Day 5 range (a) of euploid embryos [1.5–5.9], 
n = 49; [6.0–7.9], n = 50; [8.0–9.6], n = 45; (b) of low-level putative 

mosaic embryos [1.5–5.9] n = 43; [6.0–7.9] n = 27; [8.0–9.6], n = 12. 
Embryos with chromosomally mosaic results after TE biopsy will be 
labeled as “mosaic”
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were observed in morulation and full blastocyst development 
between segmental and complex putative mosaics.

Time-lapse technology has enabled the development of 
algorithms capable of predicting the probability of embryo 
implantation based on kinetic and morphological parameters. 
Although various researchers have previously investigated the 
correlation between KS-5 scores and ploidy rates [34, 35], this 
study is, as far as we know, the first to test the KS-5’s capability 
to discriminate between putative mosaicism subclasses (level 
and type). A significant decrease in the KS-5.3.2 score was 
observed from the euploid to the low-mosaic class and from 
the high-putative mosaic to the aneuploid class. Additionally, 
complex putative mosaic aneuploidies showed a lower value 
compared to putative mosaic segmental aneuploidies. However, 
the differences observed in KS-5.3.2 did not always correlate 
with clinical outcomes. Significant differences were observed 
in OP/LBR between euploid and high-level putative mosaic 
embryos, as well as between euploid/segmental putative mosaic 
embryos and whole chromosome/complex aneuploid putative 
mosaic embryos. These clinical outcomes partially overlapped 
with the results reported by Viotti et al. (2021), which showed 
a progressive worsening with the increasing severity of mosaic 
aneuploidy in TE biopsy [7]. The differences between the two 
studies (specifically, Viotti reported differences between low-
level and high-level; and whole chromosome vs complex) can be 
attributed to the varied study designs and sample sizes. Finally, it 
is important to note that, as revealed by this study, even though 
high-level putative mosaic embryos have shown very poor clini-
cal outcomes (leading several IVF centers to exclude them from 
embryo transfer), they can still result in live births.

This study also investigated the correlation between 
KS-5.3.2 and clinical outcomes within the same PGT-A result 
subclass. A correlation between IR, OP/LBR, and KS-5.3.2 
in euploid s-FET was found, reinforcing the significant differ-
ence in implantation rate previously reported by Gazzo et al. 
between the highest and lowest KS-5 classes [34]. From the 
KS-5.3.2 analysis in the putative low-level mosaic class, it 
emerged that embryos with the lowest KS-5.3.2 values should 
be considered second choices for transfer compared to those 
with intermediate KS-5.3.2 values. The embryos with the 
highest KS-5.3.2 values did not show differences compared 
to the previous categories; this result may be explained by 
the impaired number of embryos in each KS-5.3.2 range. In 
the future, it may be interesting to enlarge the sample size to 
study the correlation between KS-5.3.2 and live birth rate in 
the other PGT-A mosaicism subclasses.

Limitations

Limitations in our study can be observed. First the retro-
spective design. Second the limited sample size; embryo 
development is a dynamic process affected by both extrinsic 

and intrinsic factors, making it difficult to generalize find-
ings from a single-center study. Third, as reported in the 
literature, there are dissimilarities  in the diagnosis and 
interpretation of mosaic results among PGT-A laboratories 
and different ranges to classify an embryo as mosaic [36], 
making it difficult to compare our results with that of other 
studies. Furthermore, PGT-A from a single TE biopsy may 
not reflect the content of the entire embryo [37]. Fourth, 
the study setting (cycles with only euploids or aneuploids 
were not considered) could underestimate the true differ-
ences between euploid and aneuploid embryos. However, 
the purpose of the study is to evaluate the outcomes in cycles 
where mosaics were obtained.

Conclusion

The intricate correlation between cellular processes and 
genetic factors continues to be an area of active research 
in reproductive medicine. Data highlight that morphol-
ogy, morphokinetic, and chromosome content in TE biopsy 
are closely related to each other and the KS-5 algorithm 
reflects this interplay. Although data confirmed, as noted in 
literature, that PGT-A remains the gold standard for embryo 
selection [38], KS-5 could be considered an additional tool 
for selecting embryos with the same PGT-A result. Focusing 
on putative mosaic TE-biopsy results, the study revealed that 
increasing the number of aneuploid cells or the complexity 
of chromosome abnormalities influences the morphokinetic 
behavior of the embryos. This supports the hypothesis of 
a distinct developmental identity for the putative mosaic 
category.
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