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Abstract 

Background The high incidence of aneuploidy in early human development, arising either from errors in meiosis 
or postzygotic mitosis, is the primary cause of pregnancy loss, miscarriage, and stillbirth following natural conception 
as well as in vitro fertilization (IVF). Preimplantation genetic testing for aneuploidy (PGT-A) has confirmed the preva-
lence of meiotic and mitotic aneuploidies among blastocyst-stage IVF embryos that are candidates for transfer. How-
ever, only about half of normally fertilized embryos develop to the blastocyst stage in vitro, while the others arrest 
at cleavage to late morula or early blastocyst stages.

Methods To achieve a more complete view of the impacts of aneuploidy, we applied low-coverage sequencing-
based PGT-A to a large series (n = 909) of arrested embryos and trophectoderm biopsies. We then correlated observed 
aneuploidies with abnormalities of the first two cleavage divisions using time-lapse imaging (n = 843).

Results The combined incidence of meiotic and mitotic aneuploidies was strongly associated with blastocyst 
morphological grading, with the proportion ranging from 20 to 90% for the highest to lowest grades, respec-
tively. In contrast, the incidence of aneuploidy among arrested embryos was exceptionally high (94%), dominated 
by mitotic aneuploidies affecting multiple chromosomes. In turn, these mitotic aneuploidies were strongly associated 
with abnormal cleavage divisions, such that 51% of abnormally dividing embryos possessed mitotic aneuploidies 
compared to only 23% of normally dividing embryos.

Conclusions We conclude that the combination of meiotic and mitotic aneuploidies drives arrest of human embryos 
in vitro, as development increasingly relies on embryonic gene expression at the blastocyst stage.
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Background
Following natural conception, many human embryos 
are chromosomally abnormal and are progressively 
eliminated through preclinical pregnancy loss, miscar-
riage, and stillbirth, such that the overall incidence of 
these abnormalities detected in newborns is less than 
1% [1, 2]. Observed chromosome abnormalities include 
genome-wide abnormalities in ploidy (e.g., triploidy), as 
well as whole and segmental aneuploidies of individual 
chromosomes [3]. Whole chromosome aneuploidy fre-
quently arises through errors in meiosis, predominantly 
in females, resulting in aneuploid oocytes. Risk of such 
maternal meiotic aneuploidies, particularly of the smaller 
and acrocentric chromosomes, increases exponen-
tially for women over the age of 35 years in parallel with 
increasing risk of miscarriage [4]. A similar pattern of 
aneuploidy is also observed following in vitro fertilization 
(IVF) [5, 6]. Hence, preimplantation genetic testing for 
aneuploidy (PGT-A) at the blastocyst stage, by trophec-
toderm biopsy and next-generation sequencing (NGS)-
based chromosome copy number analysis, is widely used 
to prioritize transfer of embryos with euploid test results 
[7]. However, the degree to which the biopsy is repre-
sentative of the rest of the embryo is a matter of ongoing 
research [8], and the clinical efficacy of PGT-A is the sub-
ject of long-standing controversy [9].

Unlike previous methods used for PGT-A, includ-
ing, for example, array comparative genomic hybridiza-
tion (aCGH), NGS exhibits a linear relationship between 
normalized read depth and chromosome copy number 
[10]. With multiple trophectoderm cells (typically 5–10 
cells) biopsied at the blastocyst stage, this has enabled 
measurement of read depth deviations ranging from 
those expected for constitutional trisomies or monoso-
mies (i.e., full copy number changes) to those expected 
for mosaic aneuploidies (i.e., intermediate copy number 
changes; [11]). By identifying meiotic errors in polar bod-
ies and trophectoderm biopsies using single nucleotide 
polymorphism (SNP) genotyping and karyomapping 
in parallel with NGS-based PGT-A, we recently dem-
onstrated that, with one exception, all female meiotic 
aneuploidies produced read depth deviations exceed-
ing 70% of that expected of a full copy number change 
[12]. In contrast, most non-meiotic (presumed mitotic 
origin) aneuploidies had read depth deviations ranging 
from 30 to 70% that expected a full copy number change, 
although a minority exceeded the 70% threshold and may 
have resulted from chromosome missegregation in the 
first mitotic cleavage division.

Despite improvements in embryo culture, only about 
half of normally fertilized embryos reach the blastocyst 
stage, while the remainder arrest at various cleavage, 
late morula, or early blastocyst stages [13–16]. As early 

as 1993, Munné and colleagues demonstrated the asso-
ciation between aneuploidy, asymmetric cleavage, and 
embryo arrest using multicolor interphase fluorescence 
in  situ hybridization (FISH) with chromosome-specific 
probes for X, Y, and 18 [17]. Since then, with the intro-
duction of comprehensive chromosome testing meth-
ods, numerous studies have confirmed this association 
[18–21]. However, all of these studies were limited by 
the use of earlier methodologies that did not discrimi-
nate between full and intermediate copy number changes 
for all chromosomes, limited sampling of embryo cells, 
or analysis of selected clinical-grade embryos only 
(reviewed in [22]).

Here, we use the established copy number thresholds 
[12] to discriminate meiotic- and mitotic-origin aneuploi-
dies based on NGS of a large sample of arrested embryos 
and trophectoderm biopsies of blastocysts irrespective 
of their morphological grade. We note that our study is 
not designed to evaluate the clinical efficacy of PGT-A 
and therefore should not be read as an endorsement of 
its use or non-use. Rather, our study applies the tools 
developed for PGT-A to address the relationship between 
aneuploidy and preimplantation embryo arrest, within 
technical and ethical limits. By testing both arrested 
embryos and blastocysts from the same IVF cycles, we 
infer the relative contributions of various forms of ane-
uploidy to preimplantation embryo arrest. Furthermore, 
as morphokinetic parameters are reported to be altered 
in aneuploid embryos [23–25], time-lapse analysis was 
used to identify abnormalities in the first and/or second 
cleavage divisions and correlate these with aneuploidy 
and developmental outcomes. Finally, by mitigating the 
survivorship biases that affect most retrospective stud-
ies, our study refines estimates of the incidences of mei-
otic and mitotic aneuploidy and their relationships with 
maternal age. Together our work offers a detailed view of 
chromosome and cleavage abnormalities in human pre-
implantation embryos and their contributions to embry-
onic mortality.

Methods
Study design and informed consent
This report represents data from a subset of patients that 
were part of a prospective cohort single-center study 
of IVF with blastocyst vitrification-only and optional 
PGT-A (VeriSeqPGS, Illumina, USA) between January 
2016 to June 2018, as previously described by Gorodeck-
aja et  al. [26]. Specifically, this subset of patients signed 
the HFEA Consent to Disclosure form for either contact 
or non-contact research based on their data. Together, 
this cohort includes 125 patients (mean 38.9  years at 
oocyte retrieval; range 30–45  years) who underwent a 
total of 165 IVF cycles with extended embryo culture to 
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the blastocyst stage and biopsy of 5–10 trophectoderm 
cells on days 5–7 post-insemination for PGT-A. An addi-
tional 22 cycles in which all embryos arrested and were 
not tested by PGT-A (a total of 52 zygotes with two pro-
nuclei [2PN]) were excluded from further analysis.

Time‑lapse image analysis and blastocyst grading
Time-lapse incubation was used to maintain an uninter-
rupted embryo culture environment. Embryo develop-
ment was monitored continuously up to seven days post 
insemination, or until blastocyst formation and expan-
sion, if earlier, by time-lapse imaging and software analy-
sis (Geri® Connect, GeneaBiomedx, Sydney, Australia). 
Blastocysts were evaluated by assigning a letter grade (A 
through D) to the inner cell mass (ICM) and trophecto-
derm (TE) based on standardized morphological criteria 
(Additional file 1: Fig. S1; Additional file 2: Table S1) [27]. 
Grading of top-quality blastocysts was more restrictive, 
whereas very poor-quality blastocysts were given a D 
grade based on very few cells in the ICM and TE and evi-
dence of cellular degeneration. Time-lapse videos of all 
embryos were annotated daily using the manufacturer’s 
software and documentated in the patient’s laboratory 
records. Assessment included several time points in the 
development of each embryo: (1) formation of pronu-
clei, (2) first cleavage division, (3) second cleavage divi-
sion, (4) cell compaction, (5) cavitation, (6) expanded 
blastocyst, or (7) embryo arrest image prior to processing 
embryos for PGT-A. The division pattern was recorded 
for each embryo as per Ottolini et al. [28] and based on 
the number of cells after each division to indicate either 
normal (i.e., 1 → 2 → 4 cells) or abnormal (e.g., 1 → 3 
→ 6 cells) cleavage patterns [29–32]. Categories of abnor-
mal division included multipolar, precocious, reverse, 
and failed cleavage [33]. “Multipolar” cleavage refers 
to the direct cleavage of the zygote (or a daughter cell) 
into three or more cells. “Precocious” cleavage refers to 
a rapid division pattern where the zygote (or a daughter 
cell) undergoes a normal 1 → 2 cell cleavage, followed by 
a subsequent premature division to produce 3 or more 
blastomeres. “Reverse” cleavage refers to the resorption 
of blastomeres after cytokinesis. “Failed” cleavage refers 
to multiple rounds of karyokinesis without cytokinesis.

Biopsy and sampling of embryos
Embryos were cultured to the blastocyst stage, and sur-
viving embryos underwent biopsy of 5–10 trophecto-
derm cells on days 5–7 post-insemination for clinical 
purposes. Biopsy samples were washed in Dulbecco’s 
phosphate buffered saline (DPBS; Gibco; Life Technolo-
gies, USA) with 0.1% polyvinyl alcohol (PVA; Sigma-
Aldrich, USA) and transferred into PCR tubes (Corning, 

Sigma-Aldrich, USA) containing 2 μL DPBS and stored 
at −20° C prior to analysis.

Embryos that showed no evidence of further devel-
opment by either cell count or compaction and failed 
to develop to the expanded blastocyst stage by day 7 or 
showed signs of degeneration were considered arrested 
in development if no change was seen by time-lapse 
analysis for at least the preceding 24 h. Arrested embryos 
were scored as either early, mid, or late as follows: early 
arrest, 1 cell through 6–10 cells spanning post-ferti-
lization through embryonic genome activation; mid 
arrest, > 10 cells through pre-compaction; and late arrest, 
evidence of compaction through early blastocoel forma-
tion. The zona pellucida of each arrested embryo was first 
thinned by brief exposure to acidified Tyrode’s solution 
(Origio, USA) and removed by gentle pipetting, ensuring 
the integrity of the entire intact cell mass for subsequent 
genetic analysis. All selected arrested embryos were then 
washed and prepared for genetic analysis according to 
the same steps described above for clinical TE biopsy 
samples.

DNA from all TE biopsy samples and arrested embryos 
was whole-genome amplified (WGA) using a polymerase 
chain reaction (PCR)-library-based method (SurePlex; 
Illumina, USA), with library preparation and Illumina 
sequencing performed by Genesis Genetics (Genesis-24, 
UK).

Data processing, statistical analysis, and visualization
Raw sequencing data were processed and visualized 
using Bluefuse Multi software (Illumina, USA). A total of 
30 samples (3.2%; 18 arrested embryos and 12 TE biop-
sies) were excluded from downstream analysis as they 
failed to meet  quality control  standards (lack of DNA, 
excessive technical noise, or evidence of contamination 
based on negative controls).

Intra-sample chromosome mosaicism is diagnostic of 
mitotic error and is expected to produce copy number 
results intermediate between those expected of uniform 
trisomies or monosomies (full copy number changes) and 
disomy. In the current study, we used the range of 30-70% 
of that which is expected for constitutional aneuploidy 
(i.e., affecting all cells) to define the thresholds for calling 
mitotic-origin (i.e., mosaic) aneuploidy. Values above 70% 
were considered as meiotic aneuploidies, whereas values 
below 30% were considered as normal disomies.

In previous work, we extensively validated these 
thresholds by parallel analysis of polar bodies and 
embryo samples by SNP genotyping and karyomapping 
[12]. Our results showed that the NGS-based copy num-
ber exhibited concordance with SNP classification in 86% 
of TE biopsy samples, as well as 75% of whole or partial 
arrested embryo samples. While these benchmarking 
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results imply that a small proportion of aneuploidies 
(< 25%) are likely mis-classified in the current study, we 
emphasize that the same thresholds were applied across 
all samples, thereby ensuring the robustness of compari-
sons between embryos at different stages or with differ-
ent developmental outcomes. We also acknowledge that 
precise copy number displacements are less reliable when 
multiple chromosomes are simultaneously affected by 
aneuploidy, though this limitation again equally affects 
all categories of embryos. Examples of copy number plots 
are provided in Additional file 1: Fig. S2.

Sex chromosome aneuploidies and segmental ane-
uploidies were not stratified into meiotic and mitotic 
aneuploidy categories, because the probability of mis-
classification is much higher for these groups. In the 
case of sex chromosome aneuploidies, the baseline copy 
number expectations depend on the assumed sex of the 
embryo, which itself must be inferred. In the case of seg-
mental aneuploidies, the smaller affected regions result in 
a lower ratio of signal to noise in normalized read depth. 
Moreover, individual genomic bins may encompass copy 
number variant (CNV) breakpoints, causing the errone-
ous detection of intermediate copy number segments.

All statistical analysis was conducted in R (version 
4.1.2). Figures were produced using the “ggplot2” [34] 
and “ggsankey” [35] packages.

The relationships between the probability of embryo 
arrest and various predictor variables (e.g., Fig.  4) were 
modeled using binomial generalized linear mixed effects 
models (GLMMs), implemented with the “GLMMadap-
tive” package [36]. The patient identifier was included 
as a random effect in all models, thereby addressing the 
non-independence among sets of embryos sampled 
from the same patient. Specifically, in the first model, 
the response variable was a binary indicator denoting 
whether the embryo arrested, while the copy number 
result category was the sole categorical predictor vari-
able. The second model used the same response vari-
able, but the total number of whole aneuploid autosomes 
(meiotic or mitotic) was the sole numeric predictor varia-
ble. The third model again used the same response varia-
ble, but the number of cells after the first mitotic division 
was included as the sole categorical predictor variable, 
where the possible categories were 1, 2, 3, 4, and > 4. In 
all cases, coefficient estimates and 95% confidence inter-
vals were converted from the logit to the probability 
scale to facilitate interpretation. As coefficient estimates 
from GLMMs are conditional on the level of the random 
effect (i.e., patient), we report the average marginal effect 
(AME), which averages over all levels of the random 
effect.

The relationship between aneuploidy and the day of 
blastocyst biopsy was modeled using a linear mixed 

effects model (LMM), implemented with the “lme4” 
package [37], with AMEs computed using the “margins” 
package [38].

Key results were replicated upon restricting analy-
sis to the subset of IVF cases where all embryos were 
tested with PGT-A (see Additional file 1: Supplementary 
Materials).

Results
Among the 165 IVF cycles (125 unique patients) included 
in our study (see the “Methods” section), an average of 
3.8 of 7.2 (53%) embryos per cycle reached the blasto-
cyst stage. This proportion was negatively associated 
with maternal age (quasi-binomial generalized lienar 
model [GLM]: coefficient estimate [ β  ] = −0.080,  stand-
ard error [SE] = 0.022, p value [p] = 3.7 ×  10−4; Additional 
file 2: Table S2). Considering all 1232 normally fertilized 
(2PN) zygotes and excluding possible triploid embryos 
subsequently identified by PGT-A (see the “Methods” 
section), 622 (50.5%) embryos developed to the blasto-
cyst stage and 610 (49.5%) embryos arrested between the 
zygote and late morula/early blastocyst stages (Fig. 1). A 
total of 909 (73.4%) embryos derived from 2PN zygotes 
were tested with PGT-A, including 612 of the 622 (98.4%) 
blastocysts and 297 of the 610 (48.7%) arrested embryos. 
Notably, this includes 85 (51.5%) cycles in which all 
embryos were tested, as well as 80 cycles (48.5%) in which 
only a subset (mean = 24.1%) of arrested embryos were 
tested. While we opted to analyze all 165 cycles to maxi-
mize statistical power, we also replicated key results in 
the subset of 85 cycles where all embryos were tested, as 
presented in the supplementary materials. We highlight 
the investigation of arrested embryos as well as poorer 
quality blastocysts (257 embryos with morphological 
grades BC, CC, CD, DC, or DD) as important aspects 
of our study, as such embryos are not frequently tested 
in clinical settings because they are not typically consid-
ered as good candidates for either biopsy, vitrification, or 
transfer.

Meiotic and mitotic aneuploidies are prevalent 
among preimplantation embryos
Across 909 tested embryos, 206 (22.6%) were euploid 
while 703 (77.3%) possessed whole or segmental ane-
uploidies of one or more chromosomes (Fig. 1). To gain 
insight into the origins of aneuploidies and their conse-
quences for development, we distinguished putative mei-
otic and mitotic aneuploidies based on their PGT-A copy 
number profiles (see the “Methods” section). Along with 
50 aneuploidies of entire sex chromosomes, for which 
discerning mosaic aneuploidy poses unique challenges 
(see the “Methods” section), we discovered 1154 putative 
meiotic and 1051 putative mitotic aneuploidies of whole 
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autosomes. We additionally identified 358 large seg-
mental aneuploidies (on the scale of entire chromosome 
arms), including 351 affecting autosomes and 7 affecting 
sex chromosomes.

Consistent with previous work (e.g., [39]), the meiotic 
aneuploidies disproportionately impacted chromosomes 
15, 16, 19, 21, and 22, whereas mitotic aneuploidies exhib-
ited similar frequencies across all autosomes (Fig.  2A; 
Additional file  1: Fig. S3). Moreover, we confirmed that 
the putative meiotic aneuploidies possessed a strong 
association with maternal age (quasi-binomial GLM: 
β̂  = 0.261, SE = 0.032, p = 1.68 ×  10−12; Fig.  2B), whereas 
putative mitotic aneuploidies exhibited no significant age 
association (quasi-binomial GLM: β̂  = 0.009, SE = 0.033, 
p = 0.799; Fig. 2B).

We observed no significant co-occurrence of meiotic 
and mitotic aneuploidies affecting different chromo-
somes of the same embryos (Fisher’s exact test: odds 
ratio [OR] = 1.32, 95% confidence interval [CI; 0.99, 

1.77], p = 0.055; Additional file  2: Table  S3), suggesting 
that these error mechanisms are largely independent. 
However, when restricting to the 612 blastocyst-stage 
embryos, we observed a modest enrichment of mitotic 
aneuploidy among embryos already affected by meiotic 
aneuploidy (Fisher’s exact test: OR = 1.54, 95% CI [1.02, 
2.36], p = 0.036; Additional file  2: Table  S4). While the 
wide confidence intervals suggest that our power for 
detecting such an effect is limited in both cases, the latter 
observation raises the intriguing hypothesis that follow-
ing embryonic genome activation, the functional effects 
of meiotic aneuploidies may include impacts on the 
mitotic machinery, compromising the fidelity of chromo-
some segregation.

Mitotic aneuploidies disproportionately contribute 
to preimplantation arrest
The overall incidence of aneuploidy among arrested 
embryos was 94%, compared to 69% in tested 

Fig. 1 Developmental outcomes of 1232 normally fertilized (2PN) embryos and their associated PGT-A results. A total of 909 (73.8%) of embryos 
were tested with PGT-A, including 297 of 610 (48.7%) arrested embryos and 612 of 622 (98.4%) blastocysts. Early arrest: cleavage stages; ≤ 10 cells. 
Mid arrest: > 10 cells, but pre-compact morula. Late arrest: compact morula to cavitating (non-expanded) blastocyst
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blastocysts (Fig. 1). Both putative meiotic and putative 
mitotic whole-chromosome aneuploidies were enriched 
among arrested embryos compared to embryos that 
developed to the blastocyst stage, though the effect was 

much stronger for mitotic aneuploidies (Fisher’s exact 
test: OR = 6.02, 95% CI [4.40, 8.28], p = 4.22 ×  10−33; 
Additional file  2: Table  S5) compared to meiotic ane-
uploidies (Fisher’s exact test: OR = 1.62, 95% CI [1.20, 
2.20], p = 0.0012; Additional file 2: Table S6).

Fig. 2 Chromosome-specific rates and age associations for putative meiotic- and mitotic-origin aneuploidies. A Chromosome-specific 
counts of putative meiotic (i.e., full copy number change; left panel) and putative mitotic (i.e., intermediate copy number change; right panel) 
whole-chromosome gains and losses observed in blastocysts (top panel) and arrested embryos (bottom panel) as determined with PGT-A. 
Only aneuploidies of entire autosomes are depicted, as distinguishing meiotic and mitotic origins of segmental aneuploidies and aneuploidies 
affecting sex chromosomes poses unique challenges (see the “Methods” section). B Observed rates of meiotic (left panel) and mitotic (right panel) 
aneuploidy in relation to maternal age, including both arrested embryos and blastocysts. Each data point represents a distinct IVF case. Lines 
represent predictions from binomial generalized linear models fit to the data, with standard errors of the predictions indicated in gray
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For downstream analysis and visualization, we fur-
ther grouped embryos into five mutually exclusive cat-
egories: (1) euploid, (2) meiotic whole-chromosome 
aneuploidy only, (3) meiotic whole-chromosome ane-
uploidy in combination with mitotic whole-chromo-
some aneuploidy or segmental aneuploidy, (4) mitotic 
whole-chromosome aneuploidy only, and (5) segmental 
aneuploidy with or without mitotic whole-chromosome 
aneuploidy (Table 1). The distribution of embryos among 
these categories was significantly different for arrested 
embryos compared to trophectoderm biopsies of devel-
oping blastocysts (Fig. 3A; Pearson’s chi-squared test: χ2 
[4, N = 909] = 143.4, p = 5.41 ×  10−30; Additional file 1: Fig. 
S4A).

Whereas euploid embryos exhibited a 16% frequency 
of arrest (95% CI [10%, 25%]), embryos with solely mei-
otic aneuploidy (“Meiotic only”) arrested at a 36% fre-
quency (95% CI [28%, 45%]), while embryos with mitotic 
aneuploidies (“Meiotic plus mitotic and/or segmental,” 
“Mitotic only,” “Mitotic and/or segmental”) arrested 
at much higher frequencies (ranging from 55 to 64%; 
Fig. 4A, B; Additional file 1: Fig. S5A, B). Moreover, the 
number of aneuploid chromosomes per embryo was 
strongly associated with the frequency of arrest, with 
complex aneuploidies arresting in much higher propor-
tions (binomial generalized linear mixed model [GLMM]: 
average marginal effect [AME] = 0.440, SE = 0.054, 
p = 4.04 ×  10−16; Figs. 3B and 4C, D; Additional file 1: Fig. 
S4B; Additional file 1: Fig. S5C, D), building upon previ-
ous observations from smaller samples [40].

The higher rate of arrest among embryos with mitotic 
compared to meiotic aneuploidies is potentially coun-
terintuitive, as the former affects only a fraction of cells 
whereas the latter affects all cells of the embryo. This 
paradox may be explained, however, by the fact that 
mitotic aneuploidies affected more chromosomes than 

meiotic aneuploidies, on average per embryo (quasi-
Poisson GLM: β̂  = 0.418, SE = 0.055, p = 4.6 ×  10−14; 
Additional file  1: Fig. S6). Indeed, after accounting for 
the number of chromosomes affected (i.e., the complex-
ity of aneuploidy), the form of aneuploidy (i.e., meiotic 
versus mitotic) had no significant effect on probability 
of embryo arrest (likelihood ratio test statistic = 6.08, 
p = 0.108). Similarly, maternal age was not a significant 
predictor of embryo arrest after accounting for the form 
of aneuploidy (i.e., meiotic versus mitotic; likelihood 
ratio test statistic = 0.57, p = 0.452) or number of chro-
mosomes affected (likelihood ratio test statistic = 2.17, 
p = 0.141), suggesting that the maternal age effect on IVF 
embryo loss is nearly exclusively mediated by aneuploidy.

Given the strong association between aneuploidy and 
pregnancy loss, one quantity of fundamental interest is 
the proportion of embryos derived from euploid zygotes 
that arrest during preimplantation development, as these 
compose the initial pool of potentially viable zygotes 
whose success we seek to maximize. The ability to esti-
mate this parameter has been hindered by the fact that 
early-arresting embryos are not typically tested in clini-
cal settings. Within our data, the embryos derived from 
euploid zygotes include any embryo that lacks evidence 
of meiotic aneuploidy. Fitting a GLMM to our data 
(Additional file  1: Fig. S7A; see the “Methods” section), 
we found that embryos in this group arrested with a 
probability of 38% (95% CI [31%, 45%]; Additional file 1: 
Fig. S7B), whereas embryos derived from the remaining 
aneuploid zygotes arrested with a probability of 50% (95% 
CI [44%, 57%]; Additional file 1: Fig. S7B).

Abnormal cell divisions drive lethal mitotic aneuploidies
To gain insight into the relationship between abnor-
mal early cell divisions and mitotic aneuploidies, we 
used time-lapse imaging (see the “Methods” section) 

Table 1 Incidence of various forms of aneuploidy in whole arrested embryos (see the “Methods” section for description of arrested 
embryos) versus trophectoderm biopsies of developing blastocysts as determined by preimplantation genetic testing for aneuploidy 
(PGT-A). Our approach for distinguishing putative meiotic and mitotic aneuploidies based on chromosome copy number results is 
detailed in the main text

Putative chromosome status Abbreviation Whole 
arrested 
embryos

Blastocyst‑stage embryos 
(trophectoderm biopsies)

Euploid Euploid 17 (6%) 189 (31%)

Meiotic whole-chromosome aneuploidy only Meiotic only 66 (22%) 228 (37%)

Meiotic whole-chromosome aneuploidy with mitotic whole-chromo-
some aneuploidy or segmental aneuploidy

Meiotic plus mitotic and/or seg 141 (47%) 119 (19%)

Mitotic whole-chromosome aneuploidy only Mitotic only 32 (11%) 29 (5%)

Segmental aneuploidy with or without mitotic whole-chromosome 
aneuploidy

Mitotic and/or seg 41 (14%) 47 (8%)

Total 297 612
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to record the first two cell divisions of 843 embryos 
derived from 2PN zygotes following fertilization. 
Overall, 219 embryos (26.0%) exhibited an abnor-
mal first division, while an additional 82 embryos 
(9.7%) exhibited an abnormal second division (Addi-
tional file  2: Table  S7). The former group includes 85 
embryos (10.1%) that underwent abnormal division 
from one into three cells, largely due to precocious or 
multipolar cell divisions. We observed a strong asso-
ciation between abnormal cell division and putative 
mitotic aneuploidy, with 51% of abnormally dividing 
embryos possessing mitotic aneuploidies compared to 
only 23% of normally dividing embryos (Fisher’s exact 
test: OR = 3.41, 95% CI [2.50, 4.67], p = 6.93 ×  10−16; 
Additional file  2: Table  S8). No such relationship was 
observed between abnormal cell division and meiotic 
aneuploidy (Fisher’s exact test: OR = 1.20, 95% CI [0.89, 
1.62], p = 0.217; Additional file 2: Table S9). As further 
expected, abnormal cell divisions were also strongly 
associated with embryonic arrest (Fisher’s exact test: 
OR = 10.86, 95% CI [7.67, 15.50], p = 2.72 ×  10−50; 

Additional file  2: Table  S10; Fig.  3C; Additional file  1: 
Fig. S4C; Fig. 4E, F; Additional file 1: Fig. S5E, F).

Consistent with this interpretation, the probability 
that embryos derived from euploid zygotes would arrest 
strongly depended on the outcomes of the first and sec-
ond cell divisions. Specifically, the probability that an 
embryo derived from a euploid zygote would arrest was 
12% (95% CI [7%, 19%]) when conditioning on normal 
first and second mitotic divisions compared to 34% (95% 
CI [27%, 42%]) for aneuploid zygotes (Additional file  1: 
Fig. S8A, B). These proportions increased to 75% (95% CI 
[62%, 84%]) for euploid zygotes as well as 75% (95% CI 
[66%, 82%]) for aneuploid zygotes when conditioning on 
abnormal first or second cell divisions (Additional file 1: 
Fig. S8C, D).

Notably, even embryos lacking evidence of meiotic or 
mitotic aneuploidies were much more likely to arrest 
if they experienced an abnormal first or second cell 
division (Fisher’s exact test: OR = 19.90, 95% CI [5.59, 
90.50], p = 9.12 ×  10−8; Additional file  2: Table  S11). 
Though this accounts for only 13 embryos in total 

Fig. 3 Contrasting chromosomal and cellular characteristics of arrested embryos with developing blastocysts. A Counts of arrested embryos 
versus developing blastocysts, stratified by PGT-A copy number result category. B Counts of arrested embryos versus developing blastocysts, 
stratified by the total number of aneuploid chromosomes. C Counts of arrested embryos versus developing blastocysts, stratified by the number 
of cells present after the first mitotic division
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(compared to 4 euploid embryos that arrested following 
normal cell divisions), the observed enrichment sug-
gests that the fitness impacts of abnormal cell division 
are not solely attributable to aneuploidy or that certain 
forms of mosaic aneuploidy could be masked by bulk 
DNA analysis (see the “Discussion” section).

Aneuploidy is strongly associated with blastocyst 
morphology
Among embryos that survived to the blastocyst stage, 
we sought to understand the relationship between vari-
ous forms of aneuploidy and blastocyst morphology, 
with the rationale that aneuploidies may compromise 

Fig. 4 Data (left panels) and statistical modeling (right panels) of the proportion/probability of embryo arrest, stratifying on various patterns 
of chromosome copy number or cell division. Error bars denote 95% confidence intervals of estimates. A Proportion of arrested (red) 
versus unarrested (blue) embryos, stratifying on chromosome copy number pattern, as assessed by PGT-A. B Statistical modeling of the data 
from panel A. C. Proportion of arrested (red) versus unarrested (blue) embryos, stratifying on the number of aneuploid chromosomes. D Statistical 
modeling of data from panel C. E Proportion of arrested (red) versus unarrested (blue) embryos, stratifying on the number of cells observed 
after the first mitotic division, where 2 is normal. F Statistical modeling of data from panel E 
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the organization and function of the differentiating cell 
lineages. Blastocysts were graded by assigning an ordi-
nal letter grade (A through D) to the inner cell mass as 
well as the trophectoderm based on standardized mor-
phological criteria (Additional file  1: Fig. S1; Additional 
file 2: Table S1) [27]. Notably, morphological grading was 
conducted at the time of embryo culture, prior to obtain-
ing and thereby blind to the PGT-A results. Within our 
sample, the grades for the inner cell mass and trophecto-
derm were strongly correlated, consistent with the inter-
pretation that ploidy status and other shared genetic and 
environmental factors simultaneously impact both cell 
types (Additional file  1: Fig. S9). We observed a strong 
association between aneuploidy status and blastocyst 
morphology, with aneuploidy rates ranging from 20 to 
90% for embryos with the highest to lowest grades. Poor 
morphology embryos were significantly enriched for ane-
uploidy (Pearson’s chi-squared test: χ2 [9, N = 612] = 60.2, 
p = 1.23 ×  10−9; Fig.  5; Additional file  1: Fig. S10). This 
relationship was consistent for embryos affected by 
meiotic aneuploidies (Pearson’s chi-squared test: χ2 [9, 
N = 612] = 49.4, p = 1.38 ×  10−7) as well as those affected 
with mitotic aneuploidies (Pearson’s chi-squared test: χ2 

[9, N = 612] = 49.3, p = 1.45 ×  10−7) when compared to 
euploid embryos. Additionally, the presence of meiotic 
and/or mitotic aneuploidies was associated with later 
timing of blastocyst biopsy, indicating that aneuploidies 
tend to delay the process of blastocyst formation and 
expansion (linear mixed model [LMM]: AME = 0.220, 
SE = 0.052, p = 2.4 ×  10−5; Additional file 1: Fig. S11).

Discussion
Here we applied a combination of genome-wide NGS-
based copy number analysis and time-lapse imaging to 
investigate a large sample of both arrested and develop-
ing embryos, irrespective of their morphological grade or 
any other criteria, toward a more comprehensive view of 
the impacts of chromosome and cell division abnormali-
ties on human preimplantation development. By compar-
ing patterns of putative meiotic and mitotic aneuploidies 
across these samples and stages, we observed that all cat-
egories of aneuploidy were enriched in arrested embryos 
versus developing blastocysts, reflecting their respective 
contributions to embryonic mortality. The leading cause 
of IVF embryo arrest appears to be lethal mitotic aneu-
ploidies, which are in turn associated with abnormal first 

Fig. 5 Chromosome copy number results (as assessed via PGT-A) across all tested embryos, stratifying by stage at arrest (see the “Methods” 
section for description of arrested embryos) or morphological grade (for embryos that formed blastocysts). ICM grade is listed first, and TE grade 
is listed second. A Copy number results assigned to categories, as described in Table 1. B Copy number results summarized as counts of aneuploid 
chromosomes
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or second mitotic divisions and tend to affect multiple 
chromosomes simultaneously.

We note that the overall rates of aneuploidy observed 
in our data (77.3%) are higher than in some previous 
studies (e.g., [41, 42]). This observation is explained by 
the age distribution of the patient cohort, as well as the 
fact that most previous studies were based on retrospec-
tive analysis of data from embryos that were candidates 
for IVF transfer, systematically enriched for surviving 
embryos with good morphology and thus lower rates of 
both meiotic and mitotic aneuploidy. By mitigating these 
biases, our data thus provide valuable fundamental esti-
mates of the underlying rates of meiotic and mitotic ane-
uploidy in human zygotes and early embryos.

Previous work has demonstrated that the first mitotic 
division is especially prone to errors, potentially due to 
the challenge of assembling and segregating chromo-
somes on a dual mitotic spindle, whereby the maternally 
and paternally inherited genomes cluster, but remain 
separate [43–46]. Errors in this process are associated 
with erroneous attachments between microtubules and 
kinetochores and/or multipolar chromosome segrega-
tion. Our data support that such mitotic aneuploidies are 
prevalent and occur at similar frequencies for embryos 
derived from zygotes affected or unaffected with prior 
meiotic aneuploidies, in turn suggesting an intrinsic 
instability of cleavage-stage development and/or detri-
mental effects of embryo culture. It has been proposed, 
for example, that the blastomeres of early cleavage-stage 
human embryos function autonomously due to the 
absence of gap junctions and are particularly sensitive 
to environmental and metabolic perturbations [47]. By 
contrast, genome integrity at later stages of development 
may be more robust, following embryonic genome acti-
vation and the development of a transporting epithelium 
at the time of compaction.

Our own work and that of others showed that early 
chaotic aneuploid cells in embryos that do not arrest are 
often excluded at the time of compaction [25, 28]. Nev-
ertheless, mosaic aneuploidies, typically affecting one or 
few chromosomes, are detected in a smaller proportion 
of blastocyst-stage embryos by PGT-A and are poten-
tially compatible with healthy birth [48] (though see [49] 
for how this may depend on the features of mosaicism), 
posing a dilemma regarding their clinical management. 
While numerous forms of pathogenic mosaic aneuploidy 
and structural variation have been identified in clinical 
studies [50], current evidence suggests that mosaic ane-
uploidies identified in blastocyst-stage embryos are rarely 
detected at later stages of pregnancy or at birth, though 
exceptions have been reported [51, 52]. This observa-
tion is consistent with a model of selection against ane-
uploid cells within mosaic embryos during peri- and 

post-implantation development, as supported by data 
from mouse and human embryo models [53–55], as 
well as analyses of single-cell genomic data from human 
embryos [56, 57]. Interestingly, a recent retrospective 
study comparing the clinical outcome of single euploid 
blastocyst transfers with either normal or abnormal early 
cleavage patterns confirmed a lower implantation rate, 
clinical and live birth rate for the latter group [58], poten-
tially reflecting mosaicism that was undetected based on 
a single-trophectoderm biopsy and motivating future 
work to test this hypothesis. Our long-standing policy 
has been to de-prioritize blastocysts with early abnormal 
cleavage patterns with or without PGT-A [26].

The chromosome instability (CIN) and mitotic ane-
uploidy observed in early cleavage-stage embryos may 
reflect defects in DNA repair, cell cycle progression, and 
intracellular signaling because of underlying imbalances 
in cell regulatory networks, metabolic flux, and cellular 
dynamics [59–62]. For example, RNA sequencing results 
of aneuploid cells from early human embryos and blas-
tocysts exhibit transcriptional profiles consistent with 
DNA damage [24, 63], as well as changes or disruption 
of cell proliferation [56, 64], p53 signaling, autophagy, 
and apoptosis [63–66]. Interestingly, recent work by 
Palmerola et al. [67] confirmed a high level of incomplete 
DNA replication resulting in chromosome breaks and 
mitotic aneuploidy in human zygotes, referred to as repli-
cation stress. It is tempting to conclude that our findings 
are consistent with those of Palmerola et al. [67], with the 
caveat that their studies involved the use of donated vitri-
fied metaphase II (MII) oocytes (see also [68]).

Studies in model systems have demonstrated that ane-
uploidy compromises cellular fitness [69, 70]. Direct dos-
age effects of aneuploidy are known to exert proteotoxic 
and energy stress on cells, increased rates of mutation, 
and increased rates of chromosome mis-segregation, 
which may prove lethal during this critical early devel-
opmental transition. Excess or depletion of proteins 
encoded on the aneuploid chromosomes causes stoichio-
metric imbalances among components of multiprotein 
complexes, inducing the formation of toxic protein aggre-
gates [71–73]. Recent work in aneuploid yeast suggests 
that these free proteins and protein aggregates increase 
the solute concentration within cells, causing chronic 
hypo-osmotic stress that impairs endocytosis [74].

A small fraction of euploid embryos, ostensibly lack-
ing both meiotic and mitotic aneuploidies, were present 
among the group of arrested embryos. Our modeling 
indicates that such euploid embryos arrest with a prob-
ability of 16%, in contrast to embryos with meiotic and 
mitotic aneuploidies, which arrest at much higher fre-
quencies (36% and 55–64%, respectively). The causes of 
such euploid embryo arrest remain unknown, but likely 
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include genetic factors such as lethal point mutations 
[75], structural variation [76], or even certain forms of 
aneuploidy/polyploidy that lie beyond the limits of detec-
tion (see later the “Discussion” section), as well as sto-
chastic and environmental factors which may or may not 
be specific to IVF and embryo culture.

It is perhaps worth noting that human embryo culture 
media provide only a partial representation (including a 
protein source, simple salts, energy substrates, and amino 
acids) of the natural environment to which embryos are 
exposed in vivo [77]. Consequently, stresses are invariably 
imposed on preimplantation embryos grown in chemi-
cally defined media. Human embryos appear robust and 
can develop in a wide selection of commercial media, 
indicating that they compensate and/or adapt to the 
imposed stresses [13], but may ultimately succumb under 
extreme conditions [78, 79]. For example, our data dem-
onstrate that approximately one third of euploid zygotes 
are lost through abnormal cell divisions and/or mitotic 
errors after being placed in embryo culture medium. The 
precise environmental tipping points and genetic factors 
that influence the probability of human embryo arrest 
merit detailed investigation.

Low-coverage whole-genome NGS-based approaches 
for PGT-A, such as those employed in our study, can 
in principle distinguish meiotic and mitotic aneuploi-
dies based on integer versus fractional variation in nor-
malized read depth compared to diploid expectations. 
However, accuracy is limited by the sampling process of 
embryo biopsy, as well as technical noise arising from 
amplification, sequencing, and mapping biases. Our 
previous work used an independent and validated SNP 
genotyping approach to benchmark NGS-based classifi-
cation for arrested embryos and trophectoderm biopsies, 
using the same platform and thresholds employed in the 
current study (see the “Methods” section) [12]. Ground 
truth detection of meiotic aneuploidies was established 
by analysis of polar bodies. This work demonstrated that 
sequencing-based copy number analysis correctly identi-
fied meiotic aneuploidies based on signatures of full copy 
number changes in 13 of 13 (100%) of trophectoderm 
biopsies, while correctly identifying putative mitotic ane-
uploidies in 11 of 15 (73%) cases—an overall concordance 
rate of 86%. Results were qualitatively similar for whole 
or partial arrested embryo samples, which exhibited 
concordance with polar body data for 65 of 87 embryos 
(75%). Together, these benchmarking results engender 
confidence in the current study, which is further bol-
stered by our replication of known chromosome-specific 
and age associations observed for putative meiotic but 
not mitotic aneuploidies.

A second limitation of our study regards the extraction 
of bulk DNA from multi-cell (~ 5–10 cells) TE biopsies 

as well as entire arrested embryos, such that the signa-
tures obtained from sequencing represent an average 
across cells. While many forms of aneuploidy are read-
ily distinguished, certain patterns, such as polyploidy 
and balanced cellular representation of monosomies 
and trisomies (e.g., arising by mitotic non-disjunction) 
could be missed entirely. In addition, the data did not 
enable inference of the parent of origin of aneuploidies. 
Future work in this area may employ disaggregation of 
individual cells as well as karyomapping or other hap-
lotype-based approaches to trace the transmission of 
specific homologs across cell divisions and reveal haplo-
type-based signatures of meiotic error [12, 28, 80]. Hap-
lotype-based methods may also facilitate the analysis of 
sex chromosomes and smaller segmental aneuploidies, 
which could not be accurately classified as meiotic or 
mitotic in origin using the current NGS-based platform. 
While improving sensitivity, embryo disaggregation and 
single-cell approaches are not without drawbacks, as 
numerous cells are lost during library preparation, while 
the costs and labor-intensive nature of the assay place 
practical limits on sample size, which was a strength of 
the current study. Indeed, our previous study used karyo-
mapping to investigate single cells disaggregated from a 
smaller sample of arrested embryos (n = 25), as well as TE 
biopsies (n = 26) and cells excluded from developing blas-
tocysts (n = 7), revealing both meiotic and mitotic ane-
uploidies [28]. Clones of hypodiploid cells with multiple 
monosomies and nullisomies were identified as would be 
expected after tripolar mitosis, which was confirmed by 
time-lapse imaging. Furthermore, complementary sets of 
parental chromosomes were present in the three clonal 
lineages in several examples, confirming that the zygote 
was euploid. Theoretically, if the number of descendants 
in each clone was equal, the NGS of the whole embryo 
would not detect mosaicism. However, in each such case, 
there were varying proportions of clonal descendants 
and/or near-diploid cells, such that multiple mosaic ane-
uploidies would be detected by bulk analysis, as observed 
for several embryos in the current study.

Conclusions
In their provocatively titled article, “Where have all the 
conceptions gone?”, Roberts and Lowe [81] posited that 
embryonic mortality is the rule rather than the exception, 
occurring at a rate of ~ 80%. Highly cited reviews over 
subsequent decades offered qualitative support for this 
conclusion, estimating rates of 60–70% [82, 83]. Current 
evidence suggests that a high rate of preclinical losses, 
not failure of conception, is the main cause of low fecun-
dity of humans, largely driven by chromosome abnor-
malities [84]. By contrasting aneuploidies observed in 
arrested and unarrested embryos, our study supports this 
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conclusion and clarifies the role of meiotic and mitotic 
aneuploidies in early embryonic mortality. Specifically, 
we show that severe mitotic errors, which frequently arise 
due to abnormalities in the initial postzygotic cleavage 
divisions, are the primary cause of mortality among IVF 
embryos. These data may help guide patients and provid-
ers about the average proportions and causes of preim-
plantation embryo loss. Together, our results suggest that 
the transition from the cleavage to the blastocyst stage 
may act as a strong bottleneck wherein numerous ane-
uploid embryos are eliminated prior to implantation. The 
timing of this bottleneck is consistent with the increasing 
reliance on embryonic gene expression as development 
proceeds through the cleavage, late morula, and early 
blastocyst stages [85–88].

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13073- 023- 01231-1.

Additional file 1: Figures S1‑S11. Presenting supplemental results from 
PGT-A and time-lapse analysis of arrested and developing embryos.

Additional file 2: Tables S1‑S11. Presenting supplemental results from 
PGT-A and time-lapse analysis of arrested and developing embryos.

Acknowledgements
The authors wish to thank the nursing team at the Bridge Clinic, London 
Women’s Clinic, and the clinical embryology team at London Women’s Clinic, 
Harley Street, London, for their assistance during this work. Thank you to the 
Origins of Aneuploidy Research Consortium for facilitating this collabora-
tion. Thank you also to Sara Carioscia for constructive comments on the 
manuscript.

Authors’ contributions
M.C.S., C.O., K.A., and A.H.H. developed the single vitrified blastocyst transfer 
IVF program with optional aneuploidy testing; A.M. and C.O. performed data 
collection and data curation; M.C.S., R.C.M., C.O., and A.H.H. contributed to 
experimental design and data analysis; R.C.M., M.C.S., and A.H.H. wrote the 
paper. All authors had the opportunity to review the final version of the manu-
script and make comments and changes before submission.

Funding
RCM is supported by the National Institute of General Medical Sciences of the 
National Institutes of Health under Award R35GM133747. The content is solely 
the responsibility of the authors and does not necessarily represent the official 
views of the National Institutes of Health.

Availability of data and materials
De-identified chromosome-level aneuploidy calls and time-lapse results for 
all tested embryos are available on Zenodo [89], along with de-identified 
metadata for the corresponding patients and cycles. Code necessary for repro-
ducing all analyses and figures is archived alongside the data on Zenodo [89].

Declarations

Ethics approval and consent to participate
All procedures performed at the London Women’s Clinic, including quality 
control measures, were approved and licensed by the Human Fertilisation and 
Embryology Authority (HFEA) in the United Kingdom in accordance with all 
relevant regulations and legislation. Details of ovarian stimulation protocols 
and laboratory procedures have been described in Gorodeckaja et al. [26]. 
No new procedures, protocols, or randomization were used in the program. 

Consequently, the study does not constitute human subjects research, and 
accordingly, approval from a Research Ethics Committee was not required. 
Consenting of patients was carried out in accordance with the Code of Ethics 
of the World Medical Association (Helsinki Declaration). Written informed 
consent for genetic testing and follow-up analysis, including the anonymous 
use of embryology data for statistical evaluation and research was reviewed, 
signed, and witnessed. Patient consent included the use of the HFEA Consent 
for Disclosure (CD) form, which specifically allows for non-contact research 
and permits sharing of anonymized data with third parties without further 
review. All patients undergoing PGT-A were consented by a qualified clinician 
and licensed genetic counselor.
Dr. McCoy later joined the project to lead computational and statistical 
analysis and interpretation. The Homewood Institutional Review Board 
of Johns Hopkins University determined that the receipt and analysis of 
these de-identified data (chromosome-specific aneuploidy calls and time-
lapse data) did not qualify as federally regulated human subjects research 
(HIRB00011431). This foreign collaboration was reviewed and approved by the 
National Institute of General Medical Sciences of the NIH.

Consent for publication
Not applicable.

Competing interests
RCM is co-inventor on a patent application by Johns Hopkins University 
related to inferring the origins of aneuploidies from PGT-A data. KA is the 
owner and scientific director of the London Women’s Clinic. AHH, MCS, CO, 
and AM declare no competing interests.

Author details
1 Department of Biology, Johns Hopkins University, 3400 N. Charles Street, 
Baltimore, MD 21212, USA. 2 London Women’s Clinic, 113-115 Harley Street, 
Marylebone, London W1G 6AP, UK. 3 School of Biosciences, University of Kent, 
Canterbury CT2 7NJ, Kent, UK. 4 Present Address: London Women’s Clinic, The 
Chesterfield, Nuffield Health Clinic, 3 Clifton Hill, Bristol BS8 1BN, UK. 5 Depart-
ment of Maternal and Fetal Medicine, University College London, 86-96 
Chenies Mews, London WC1E 6HX, UK. 6 Present Address: Juno Genetics Italia, 
Via Di Quarto Peperino 22, 00188 Rome, Italy. 

Received: 14 December 2022   Accepted: 12 September 2023

References
 1. Gardner RJM, Amor DJ. Gardner and Sutherland’s Chromosome Abnor-

malities and Genetic Counseling. Oxford: Oxford University Press; 2018.
 2. Moorthie S, Congenital Disorders Expert Group, Blencowe H, Darlison 

MW, Gibbons S, Lawn JE et al. Chromosomal disorders: estimating base-
line birth prevalence and pregnancy outcomes worldwide. J Community 
Genet. 2018;9:377–386.

 3. Levy B, Sigurjonsson S, Pettersen B, Maisenbacher MK, Hall MP, Demko Z, 
et al. Genomic imbalance in products of conception: single-nucleotide 
polymorphism chromosomal microarray analysis. Obstet Gynecol. 
2014;124:202–9.

 4. Nagaoka SI, Hassold TJ, Hunt PA. Human aneuploidy: mechanisms and 
new insights into an age-old problem. Nat Rev Genet. 2012;13:493–504.

 5. Segawa T, Kuroda T, Kato K, Kuroda M, Omi K, Miyauchi O, et al. Cytoge-
netic analysis of the retained products of conception after missed 
abortion following blastocyst transfer: a retrospective, large-scale, single-
centre study. Reprod Biomed Online. 2017;34:203–10.

 6. Ishihara O, Jwa SC, Kuwahara A, Katagiri Y, Kuwabara Y, Hamatani T, et al. 
Assisted reproductive technology in Japan: A summary report for 2017 
by the Ethics Committee of the Japan Society of Obstetrics and Gynecol-
ogy. Reprod Med Biol. 2020;19:3–12.

 7. Rosenwaks Z, Handyside AH. Is preimplantation genetic testing for ane-
uploidy an essential tool for embryo selection or a costly ‘add-on’ of no 
clinical benefit? Fertil Steril. 2018;110:351–2.

 8. Victor AR, Griffin DK, Brake AJ, Tyndall JC, Murphy AE, Lepkowsky LT, Lal 
A, Zouves CG, Barnes FL, McCoy RC, Viotti M. Assessment of aneuploidy 
concordance between clinical trophectoderm biopsy and blastocyst. 
Hum Reprod. 2019;34(1):181–92.

https://doi.org/10.1186/s13073-023-01231-1
https://doi.org/10.1186/s13073-023-01231-1


Page 14 of 15McCoy et al. Genome Medicine           (2023) 15:77 

 9. Rosenwaks Z, Handyside AH, Fiorentino F, Gleicher N, Paulson RJ, Schatt-
man GL, Scott RT, Summers MC, Treff NR, Xu K. The pros and cons of 
preimplantation genetic testing for aneuploidy: clinical and laboratory 
perspectives. Fertil Steril. 2018;110(3):353–61.

 10. Fiorentino F, Bono S, Biricik A, Nuccitelli A, Cotroneo E, Cottone G, et al. 
Application of next-generation sequencing technology for compre-
hensive aneuploidy screening of blastocysts in clinical preimplantation 
genetic screening cycles. Hum Reprod. 2014;29:2802–13.

 11. McCoy RC. Mosaicism in Preimplantation Human Embryos: When Chro-
mosomal Abnormalities Are the Norm. Trends Genet. 2017;33:448–63.

 12. Handyside AH, McCollin A, Summers MC, Ottolini CS. Copy number 
analysis of meiotic and postzygotic mitotic aneuploidies in trophecto-
derm cells biopsied at the blastocyst stage and arrested embryos. Prenat 
Diagn. 2021;41:525–35.

 13. Biggers JD, Summers MC. Choosing a culture medium: making informed 
choices. Fertil Steril. 2008;90:473–83.

 14. Summers MC, Bird S, Mirzai FM, Thornhill A, Biggers JD. Human preim-
plantation embryo development in vitro: a morphological assessment of 
sibling zygotes cultured in a single medium or in sequential media. Hum 
Fertil. 2013;16:278–85.

 15. Sfontouris IA, Martins WP, Nastri CO, Viana IGR, Navarro PA, Raine-Fenning 
N, et al. Blastocyst culture using single versus sequential media in clinical 
IVF: a systematic review and meta-analysis of randomized controlled 
trials. J Assist Reprod Genet. 2016;33:1261–72.

 16. Werner MD, Hong KH, Franasiak JM, Forman EJ, Reda CV, Molinaro TA, 
et al. Sequential versus Monophasic Media Impact Trial (SuMMIT): a 
paired randomized controlled trial comparing a sequential media system 
to a monophasic medium. Fertil Steril. 2016;105:1215–21.

 17. Munné S, Lee A, Rosenwaks Z, Grifo J, Cohen J. Fertilization and early 
embryology: Diagnosis of major chromosome aneuploidies in human 
preimplantation embryos. Hum Reprod. 1993;8:2185–91.

 18. Fragouli E, Alfarawati S, Spath K, Jaroudi S, Sarasa J, Enciso M, et al. The ori-
gin and impact of embryonic aneuploidy. Hum Genet. 2013;132:1001–13.

 19. Capalbo A, Rienzi L, Cimadomo D, Maggiulli R, Elliott T, Wright G, et al. 
Correlation between standard blastocyst morphology, euploidy and 
implantation: an observational study in two centers involving 956 
screened blastocysts. Hum Reprod. 2014;29:1173–81.

 20. Qi S-T, Liang L-F, Xian Y-X, Liu J-Q, Wang W. Arrested human embryos are 
more likely to have abnormal chromosomes than developing embryos 
from women of advanced maternal age. J Ovarian Res. 2014;7:65.

 21. Maurer M, Ebner T, Puchner M, Mayer RB, Shebl O, Oppelt P, et al. Chro-
mosomal Aneuploidies and Early Embryonic Developmental Arrest. Int J 
Fertil Steril. 2015;9:346–53.

 22. Regin M, Spits C, Sermon K. On the origins and fate of chromosomal 
abnormalities in human preimplantation embryos: an unsolved riddle. 
Mol Hum Reprod. 2022;28:gaac008.

 23. Campbell A, Fishel S, Bowman N, Duffy S, Sedler M, Hickman CFL. 
Modelling a risk classification of aneuploidy in human embryos using 
non-invasive morphokinetics. Reprod Biomed Online. 2013;26:477–85.

 24. Vera-Rodriguez M, Chavez SL, Rubio C, Reijo Pera RA, Simon C. Prediction 
model for aneuploidy in early human embryo development revealed by 
single-cell analysis. Nat Commun. 2015;6:7601.

 25. Lagalla C, Tarozzi N, Sciajno R, Wells D, Di Santo M, Nadalini M, et al. 
Embryos with morphokinetic abnormalities may develop into euploid 
blastocysts. Reprod Biomed Online. 2017;34:137–46.

 26. Gorodeckaja J, Neumann S, McCollin A, Ottolini CS, Wang J, Ahuja K, et al. 
High implantation and clinical pregnancy rates with single vitrified-
warmed blastocyst transfer and optional aneuploidy testing for all 
patients. Hum Fertil. 2020;23:256–67.

 27. Alpha Scientists in Reproductive Medicine and ESHRE Special Inter-
est Group of Embryology. The Istanbul consensus workshop on 
embryo assessment: proceedings of an expert meeting. Hum Reprod. 
2011;26:1270–83.

 28. Ottolini CS, Kitchen J, Xanthopoulou L, Gordon T, Summers MC, Handy-
side AH. Tripolar mitosis and partitioning of the genome arrests human 
preimplantation development in vitro. Sci Rep. 2017;7:9744.

 29. Rubio I, Kuhlmann R, Agerholm I, Kirk J, Herrero J, Escribá M-J, et al. Lim-
ited implantation success of direct-cleaved human zygotes: a time-lapse 
study. Fertil Steril. 2012;98:1458–63.

 30. Ciray HN, Campbell A, Agerholm IE, Aguilar J, Chamayou S, Esbert M, et al. 
Proposed guidelines on the nomenclature and annotation of dynamic 

human embryo monitoring by a time-lapse user group. Hum Reprod. 
2014;29:2650–60.

 31. Kalatova B, Jesenska R, Hlinka D, Dudas M. Tripolar mitosis in human cells 
and embryos: occurrence, pathophysiology and medical implications. 
Acta Histochem. 2015;117:111–25.

 32. Coticchio G, Barrie A, Lagalla C, Borini A, Fishel S, Griffin D, et al. Plastic-
ity of the human preimplantation embryo: developmental dogmas, 
variations on themes and self-correction. Hum Reprod Update. 
2021;27:848–65.

 33. McCollin A, Swann RL, Summers MC, Handyside AH, Ottolini CS. Abnor-
mal cleavage and developmental arrest of human preimplantation 
embryos in vitro. Eur J Med Genet. 2020;63:103651.

 34. Wickham H. ggplot2. Wiley Interdisc Rev Comput Stat. 2011;3(2):180-5.
 35. Sjoberg, D. ggsankey: Sankey, Alluvial and Sankey Bump Plots. GitHub. 

2021. https:// github. com/ david sjobe rg/ ggsan key. Accessed 20 May 2022.
 36. Rizopoulos, D. GLMMadaptive: Generalized Linear Mixed Models using 

Adaptive Gaussian Quadrature. GitHub. 2023. https:// github. com/ drizo 
poulos/ GLMMa dapti ve. Accessed 20 May 2022.

 37. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models 
using lme4. J Stat Softw. 2015;67:1–48.

 38. Leeper TJ, Arnold J, Arel-Bundock V, Long JA. margins: Marginal Effects 
for Model Objects. GitHub. 2021. https:// github. com/ leeper/ margi 
ns. Accessed 20 May 2022.

 39. McCoy RC, Demko ZP, Ryan A, Banjevic M, Hill M, Sigurjonsson S, et al. 
Evidence of Selection against Complex Mitotic-Origin Aneuploidy during 
Preimplantation Development. PLoS Genet. 2015;11: e1005601.

 40. Vega M, Breborowicz A, Moshier EL, McGovern PG, Keltz MD. Blastulation 
rates decline in a linear fashion from euploid to aneuploid embryos with 
single versus multiple chromosomal errors. Fertil Steril. 2014;102(2):394–8.

 41. Franasiak JM, Forman EJ, Hong KH, Werner MD, Upham KM, Treff NR, et al. 
The nature of aneuploidy with increasing age of the female partner: a 
review of 15,169 consecutive trophectoderm biopsies evaluated with 
comprehensive chromosomal screening. Fertil Steril. 2014;101:656-663.
e1.

 42. Capalbo A, Poli M, Rienzi L, Girardi L, Patassini C, Fabiani M, et al. Mosaic 
human preimplantation embryos and their developmental poten-
tial in a prospective, non-selection clinical trial. Am J Hum Genet. 
2021;108:2238–47.

 43. Reichmann J, Nijmeijer B, Hossain MJ, Eguren M, Schneider I, Politi AZ, 
Roberti MJ, Hufnagel L, Hiiragi T, Ellenberg J. Dual-spindle formation in 
zygotes keeps parental genomes apart in early mammalian embryos. 
Science. 2018;361(6398):189–93.

 44. Schneider I, de Ruijter-Villani M, Hossain MJ, Stout TA, Ellenberg J. Dual 
spindles assemble in bovine zygotes despite the presence of paternal 
centrosomes. J Cell Biol. 2021;220(11): e202010106.

 45. Cavazza T, Takeda Y, Politi AZ, Aushev M, Aldag P, Baker C, Choudhary 
M, Bucevičius J, Lukinavičius G, Elder K, Blayney M. Parental genome 
unification is highly error-prone in mammalian embryos. Cell. 
2021;184(11):2860–77.

 46. Currie CE, Ford E, Benham Whyte L, Taylor DM, Mihalas BP, Erent M, 
Marston AL, Hartshorne GM, McAinsh AD. The first mitotic division of 
human embryos is highly error prone. Nat Commun. 2022;13(1):6755.

 47. Brison DR, Sturmey RG, Leese HJ. Metabolic heterogeneity during 
preimplantation development: the missing link? Hum Reprod Update. 
2014;20:632–40.

 48. Capalbo A, Poli M, Rienzi L, Girardi L, Patassini C, Fabiani M, Cimadomo D, 
Benini F, Farcomeni A, Cuzzi J, Rubio C. Mosaic human preimplantation 
embryos and their developmental potential in a prospective, non-selec-
tion clinical trial. Am J Hum Genet. 2021;108(12):2238–47.

 49. Viotti M, Victor A, Barnes F, Zouves C, Besser AG, Grifo JA, Cheng EH, Lee 
MS, Lin PY, Corti L, Fiorentino F. New insights from one thousand mosaic 
embryo transfers: features of mosaicism dictating rates of implantation, 
spontaneous abortion, and neonate health. Fertil Steril. 2020;114(3):e1-2.

 50. Biesecker LG, Spinner NB. A genomic view of mosaicism and human 
disease. Nat Rev Genet. 2013;14(5):307–20.

 51. Greco E, Yakovlev P, Kornilov N, Vyatkina S, Bogdanova D, Ermakova M, 
Tarasova Y, Tikhonov A, Pendina A, Biricik A, Sessa MT. Two clinical case 
reports of embryonic mosaicism identified with PGT-A persisting during 
pregnancy as true fetal mosaicism. Hum Reprod. 2023;38(2):315–23.

 52. Viotti M, Greco E, Grifo JA, Madjunkov M, Librach C, Cetinkaya M, Kahra-
man S, Yakovlev P, Kornilov N, Corti L, Biricik A. Chromosomal, Gestational, 

https://github.com/davidsjoberg/ggsankey
https://github.com/drizopoulos/GLMMadaptive
https://github.com/drizopoulos/GLMMadaptive
https://github.com/leeper/margins
https://github.com/leeper/margins


Page 15 of 15McCoy et al. Genome Medicine           (2023) 15:77  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

and Neonatal Outcomes of Embryos Classified as Mosaic by Preimplanta-
tion Genetic Testing for Aneuploidy. Fertil Steril. 2023. https:// doi. org/ 10. 
1016/j. fertn stert. 2023. 07. 022.

 53. Bolton H, Graham SJ, Van der Aa N, Kumar P, Theunis K, Fernandez Gal-
lardo E, Voet T, Zernicka-Goetz M. Mouse model of chromosome mosai-
cism reveals lineage-specific depletion of aneuploid cells and normal 
developmental potential. Nat Commun. 2016;7(1):11165.

 54. Singla S, Iwamoto-Stohl LK, Zhu M, Zernicka-Goetz M. Autophagy-
mediated apoptosis eliminates aneuploid cells in a mouse model of 
chromosome mosaicism. Nat Commun. 2020;11(1):2958.

 55. Yang M, Rito T, Metzger J, Naftaly J, Soman R, Hu J, Albertini DF, Barad DH, 
Brivanlou AH, Gleicher N. Depletion of aneuploid cells in human embryos 
and gastruloids. Nat Cell Biol. 2021;23(4):314–21.

 56. Starostik MR, Sosina OA, McCoy RC. Single-cell analysis of human 
embryos reveals diverse patterns of aneuploidy and mosaicism. Genome 
Res. 2020;30:814–25.

 57. Fernandez Gallardo E, Sifrim A, Chappell J, Demeulemeester J, Herrmann 
JC, Vermote R, et al. A multi-omics genome-and-transcriptome single-cell 
atlas of human preimplantation embryogenesis reveals the cellular and 
molecular impact of chromosome instability. bioRxiv [Preprint]. 2023. 
Available from: https:// doi. org/ 10. 1101/ 2023. 03. 08. 530586.

 58. Ozbek IY, Mumusoglu S, Polat M, Bozdag G, Sokmensuer LK, Yarali H. 
Comparison of single euploid blastocyst transfer cycle outcome derived 
from embryos with normal or abnormal cleavage patterns. Reprod 
Biomed Online. 2021;42(5):892–900.

 59. Vanneste E, Voet T, Le Caginec C, Ampe M, Konings P, Melotte C, et al. 
Chromosome Instability Is Common in Human Cleavage-Stage Embryos. 
Obstet Gynecol Surv. 2012;67:787–8.

 60. Potapova T, Gorbsky GJ. The Consequences of Chromosome Segregation 
Errors in Mitosis and Meiosis. Biology. 2017;6:12.

 61. Tšuiko O, Vanneste M, Melotte C, Ding J, Debrock S, Masset H, et al. 
Haplotyping-based preimplantation genetic testing reveals parent-of-
origin specific mechanisms of aneuploidy formation. NPJ Genom Med. 
2021;6:81.

 62. Sfakianoudis K, Maziotis E, Karantzali E, Kokkini G, Grigoriadis S, Pantou 
A, et al. Molecular Drivers of Developmental Arrest in the Human Preim-
plantation Embryo: A Systematic Review and Critical Analysis Leading to 
Mapping Future Research. Int J Mol Sci. 2021;22:8353.

 63. Licciardi F, Lhakhang T, Kramer YG, Zhang Y, Heguy A, Tsirigos A. Human 
blastocysts of normal and abnormal karyotypes display distinct transcrip-
tome profiles. Sci Rep. 2018;8:14906.

 64. Maxwell SM, Lhakhang TC, Lin Z, Kramer YG, Zhang Y, Wang F, et al. 
Investigation of Global Gene Expression of Human Blastocysts 
Diagnosed as Mosaic using Next-generation Sequencing. Reprod Sci. 
2022;29:1597–607.

 65. Groff AF, Resetkova N, DiDomenico F, Sakkas D, Penzias A, Rinn JL, et al. 
RNA-seq as a tool for evaluating human embryo competence. Genome 
Res. 2019;29:1705–18.

 66. Sanchez-Ribas I, Diaz-Gimeno P, Sebastián-León P, Mercader A, Quiñonero 
A, Ballesteros A, et al. Transcriptomic behavior of genes associated with 
chromosome 21 aneuploidies in early embryo development. Fertil Steril. 
2019;111:991-1001.e2.

 67. Palmerola KL, Amrane S, De Los AA, Xu S, Wang N, de Pinho J, et al. 
Replication stress impairs chromosome segregation and preimplantation 
development in human embryos. Cell. 2022;185:2988-3007.e20.

 68. Cavazza T, Schuh M. Stressful start causes chromosome errors in human 
embryos. Nature. 2022;609:683–4.

 69. Torres EM, Sokolsky T, Tucker CM, Chan LY, Boselli M, Dunham MJ, et al. 
Effects of aneuploidy on cellular physiology and cell division in haploid 
yeast. Science. 2007;317:916–24.

 70. Stingele S, Stoehr G, Peplowska K, Cox J, Mann M, Storchova Z. Global 
analysis of genome, transcriptome and proteome reveals the response to 
aneuploidy in human cells. Mol Syst Biol. 2012;8:608.

 71. Zhu J, Tsai H-J, Gordon MR, Li R. Cellular Stress Associated with Ane-
uploidy. Dev Cell. 2018;44:420–31.

 72. Brennan CM, Vaites LP, Wells JN, Santaguida S, Paulo JA, Storchova Z, et al. 
Protein aggregation mediates stoichiometry of protein complexes in ane-
uploid cells. Genes Dev. 2019;33:1031–47.

 73. Li R, Zhu J. Effects of aneuploidy on cell behaviour and function. Nat Rev 
Mol Cell Biol. 2022;23:250–65.

 74. Tsai H-J, Nelliat AR, Choudhury MI, Kucharavy A, Bradford WD, Cook ME, 
et al. Hypo-osmotic-like stress underlies general cellular defects of ane-
uploidy. Nature. 2019;570:117–21.

 75. Dukler N, Mughal MR, Ramani R, Huang YF, Siepel A. Extreme purifying 
selection against point mutations in the human genome. Nat Commun. 
2022;13(1):4312.

 76. Collins RL, Glessner JT, Porcu E, Lepamets M, Brandon R, Lauricella C, 
Han L, Morley T, Niestroj LM, Ulirsch J, Everett S. A cross-disorder dosage 
sensitivity map of the human genome. Cell. 2022;185(16):3041–55.

 77. Summers MC, Biggers JD. Chemically defined media and the culture of 
mammalian preimplantation embryos: historical perspective and current 
issues. Hum Reprod Update. 2003;9(6):557–82.

 78. Puscheck EE, Awonuga AO, Yang Y, Jiang Z, Rappolee DA. Molecular biol-
ogy of the stress response in the early embryo and its stem cells. Adv Exp 
Med Biol. 2015;843:77–128.

 79. Cagnone G, Sirard M-A. The embryonic stress response to in vitro culture: 
insight from genomic analysis. Reproduction. 2016;152:R247–61.

 80. Masset H, Ding J, Dimitriadou E, Ardeshirdavani A, Debrock S, Tšuiko O, 
Smits K, Peeraer K, Moreau Y, Voet T, Zamani EM. Single-cell genome-wide 
concurrent haplotyping and copy-number profiling through genotyp-
ing-by-sequencing. Nucleic Acids Res. 2022;50(11): e63.

 81. Roberts CJ, Lowe CR. Where have all the conceptions gone? Lancet. 
1975;305:498–9.

 82. Chard T. 11 Frequency of implantation and early pregnancy loss in natural 
cycles. Baillières Clin Obstet Gynaecol. 1991;5:179–89.

 83. Macklon NS, Geraedts JP, Fauser BC. Conception to ongoing preg-
nancy: the ‘black box’ of early pregnancy loss. Hum Reprod Update. 
2002;8:333–43.

 84. Brosens JJ, Bennett PR, Abrahams VM, Ramhorst R, Coomarasamy A, 
Quenby S, et al. Maternal selection of human embryos in early gestation: 
Insights from recurrent miscarriage. Semin Cell Dev Biol. 2022;131:14–24.

 85. Tesarik J, Kopecny V, Plachot M, Mandelbaum J. High-resolution auto-
radiographic localization of DNA-containing sites and RNA synthesis in 
developing nucleoli of human preimplantation embryos: a new concept 
of embryonic nucleologenesis. Development. 1987;101:777–91.

 86. Braude P, Bolton V, Moore S. Human gene expression first occurs between 
the four- and eight-cell stages of preimplantation development. Nature. 
1988;332:459–61.

 87. Yan L, Yang M, Guo H, Yang L, Wu J, Li R, et al. Single-cell RNA-Seq profil-
ing of human preimplantation embryos and embryonic stem cells. Nat 
Struct Mol Biol. 2013;20:1131–9.

 88. Blakeley P, Fogarty NME, del Valle I, Wamaitha SE, Hu TX, Elder K, et al. 
Defining the three cell lineages of the human blastocyst by single-cell 
RNA-seq. Development. 2015;142:3151–65.

 89. McCoy RC. mccoy-lab/embryo_arrest. Zenodo. 2022. https:// doi. org/ 10. 
5281/ zenodo. 67894 85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.fertnstert.2023.07.022
https://doi.org/10.1016/j.fertnstert.2023.07.022
https://doi.org/10.1101/2023.03.08.530586
https://doi.org/10.5281/zenodo.6789485
https://doi.org/10.5281/zenodo.6789485

	Meiotic and mitotic aneuploidies drive arrest of in vitro fertilized human preimplantation embryos
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and informed consent
	Time-lapse image analysis and blastocyst grading
	Biopsy and sampling of embryos
	Data processing, statistical analysis, and visualization

	Results
	Meiotic and mitotic aneuploidies are prevalent among preimplantation embryos
	Mitotic aneuploidies disproportionately contribute to preimplantation arrest
	Abnormal cell divisions drive lethal mitotic aneuploidies
	Aneuploidy is strongly associated with blastocyst morphology

	Discussion
	Conclusions
	Anchor 20
	Acknowledgements
	References


