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Abstract Despite the clinical importance of aneuploidy,

surprisingly little is known concerning its impact during

the earliest stages of human development. This study aimed

to shed light on the genesis, progression, and survival of

different types of chromosome anomaly from the fertilized

oocyte through the final stage of preimplantation devel-

opment (blastocyst). 2,204 oocytes and embryos were

examined using comprehensive cytogenetic methodology.

A diverse array of chromosome abnormalities was detec-

ted, including many forms never recorded later in devel-

opment. Advancing female age was associated with

dramatic increase in aneuploidy rate and complex chro-

mosomal abnormalities. Anaphase lag and congression

failure were found to be important malsegregation causing

mechanisms in oogenesis and during the first few mitotic

divisions. All abnormalities appeared to be tolerated until

activation of the embryonic genome, after which some

forms started to decline in frequency. However, many an-

euploidies continued to have little impact, with affected

embryos successfully reaching the blastocyst stage. Results

from the direct analyses of female meiotic divisions and

early embryonic stages suggest that chromosome errors

present during preimplantation development have origins

that are more varied than those seen in later pregnancy,

raising the intriguing possibility that the source of aneu-

ploidy might modulate impact on embryo viability. The

results of this study also narrow the window of time for

selection against aneuploid embryos, indicating that most

survive until the blastocyst stage and, since they are not

detected in clinical pregnancies, must be lost around the

time of implantation or shortly thereafter.

Introduction

Early human development is a challenging and dynamic

process. The fertilized oocyte has to first facilitate the

integration of the male and female genetic contributions

and then begin a series of cellular divisions, producing a

cleavage stage embryo. The embryo must successfully

trigger activation of its genome around the 4–8 cell stage,

before going on to form a morula and then a blastocyst, the

latter of which displays the first morphologically visible

signs of differentiation with two distinct lineages apparent;

an outer trophectoderm layer, which will go on to form the

placenta and other extra-embryonic tissues, and a small

group of cells, the inner cell mass, from which the fetus is

derived. The blastocyst must then ‘hatch’, emerging from

the membrane (zona pellucida) that has surrounded the

oocyte and embryo during the first 5 days of life, so that
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communication with the uterus can be initiated resulting in

implantation. The whole chain of events leading to blas-

tocyst formation takes approximately 5–6 days in humans.

The cytogenetics of human embryos during this critical

phase of development is biologically fascinating as well as

being of great clinical importance. Aneuploidy is relatively

common at later developmental stages affecting at least

4–5 % of all clinical pregnancies, the vast majority of

which end in miscarriage (reviewed in Hassold et al. 2007;

Hassold and Hunt 2001). However, there is strong evidence

that the incidence of aneuploidy is even greater at the time

of conception and that a much wider range of chromosome

abnormalities exists prior to implantation. It is thought that

the frequency of aneuploidy in human embryos is an order

of magnitude higher than seen in other mammalian species

and that this may explain the relatively low pregnancy rates

in natural and assisted reproductive cycles observed in our

species (Delhanty et al. 1997; Wells and Delhanty 2000).

Although many cytogenetic studies of human embryos

have been carried out, the exact spectrum and frequency of

abnormalities, their origin, and their impact as develop-

ment progresses remain poorly defined. Much of this

uncertainty is a consequence of technical limitations that

have, until recently, precluded analysis of all 24 types of

chromosome (22 autosomes, X and Y) in individual

embryos. Most previous studies examined a set of 5–12

chromosomes in each embryo [using fluorescent in situ

hybridization—(FISH)]; while others succeeded in apply-

ing more comprehensive cytogenetic methodologies, who

were only able to examine relatively small numbers of

embryos at a single stage of preimplantation development

(e.g., Munne et al. 1998, 2002; Platteau et al. 2005;

Mantzouratou et al. 2007; Rubio et al. 2007; Verpoest et al.

2008; Wells and Delhanty 2000; Voullaire et al. 2000;

Northrop et al. 2010; Fragouli et al. 2011a, b).

The current study involved a comprehensive assessment

of aneuploidy throughout preimplantation development in

a large number of samples, providing a detailed insight into

cytogenetics at different preimplantation stages, from

oocytes at the time of fertilization to the blastocyst stage

just prior to implantation. As well as defining the frequency

and types of abnormality at each stage, the results also shed

light on mechanisms underlying chromosome malsegre-

gation, on the effect of female age and on the develop-

mental potential and ultimate fate of aneuploid

conceptions.

Materials and methods

Patients and embryos

A total of 2,204 samples were cytogenetically examined.

These samples were categorized into three groups,

according to the stage of preimplantation development.

Group 1 consisted of 420 fertilization-competent oocytes,

group 2 consisted of 738 cleavage stage embryos, and

group 3 consisted of 1,046 blastocysts. These samples were

generated by a total of 396 couples undergoing in vitro

fertilization (IVF) in combination with preimplantation

genetic screening (PGS) at several IVF clinics in the UK.

Most (222, 56 %) of these couples were referred for PGS

due to the female partner being of advanced reproductive

age. Of the remaining, 104 (27 %) had previously experi-

enced repeated implantation failure and 70 (17 %) had had

several unexplained spontaneous miscarriages. The aver-

age female age of this group was 39.6 years (age range

27–47 years). Further details about patients, oocytes, and

embryos are shown in Table 1. The ovarian stimulation

protocol did not differ significantly from those described

previously (Fragouli et al. 2010). Participating IVF clinics

had in place appropriate ethical approvals, procedures for

informed patient consent, and relevant clinical treatment

licenses.

Oocyte and embryo sampling and cell preparation

for cytogenetic analysis

Cytogenetic assessment of oocytes involved sequential

biopsy of the first and second polar bodies (PBs) after

oocyte retrieval and fertilization, respectively, allowing

independent analysis of both meiotic divisions. For anal-

ysis of embryos, a single blastomere was removed from

those at the cleavage stage, or 5–10 cells were removed

Table 1 Patient and embryo details

Preimplantation development stage Number of patients Average female age (age range) Number of embryos examined

Oocyte/zygote (Day 0) 95 40.7 years (34–47 years) 420

Cleavage (Day 3) 113 39.5 years (27–45 years) 754

Blastocyst (Day 5) 188 38.8 years (28–47 years) 1,046

Total patients Average female age Total embryos

396 39.6 years 2,220
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from the trophectoderm at the blastocyst stage. Culture,

micromanipulation, biopsy, and cell preparation for chro-

mosome analysis took place as described previously (Fra-

gouli et al. 2010, 2011a). All samples were analyzed with

the use of a single, highly validated platform for micro-

array comparative genomic hybridisation (aCGH) (Frago-

uli et al. 2011a; Magli et al. 2011; Gutierrez-Mateo et al.

2011; Christopikou et al. 2013; Mertzanidou et al. 2013).

Microarray comparative genomic hybridisation

After cell biopsy, cytogenetic analysis was carried out

using 24SureTM Cytochip V3 microarrays (BlueGnome

Ltd., Cambridge, UK). The protocol employed was as

reported in Fragouli et al. (2011a), with modifications

according to the manufacturer (BlueGnome 24sure proto-

col, www.cytochip.com). In brief, the procedure included

cell lysis and whole genome amplification (Sureplex,

Rubicon Genomics, Ann Arbor, USA), followed by fluo-

rescent labeling of amplified samples, and two genomic

DNAs (46, XY an 46, XX), and hybridization to the

microarray. The microarrays were washed, scanned

(InnoScan 710, Innopsys, Carbonne, France), and the

resulting images analyzed using BlueFuse software

(BlueGnome Ltd, Cambridge, UK). Using this approach, it

was possible to assign molecular karyotypes to the

embryonic samples under investigation, allowing classifi-

cation as normal or aneuploid.

Statistical analysis

Unless stated otherwise, statistical evaluations were carried

out using Fisher’s exact test.

Results

Oocytes

The contribution of each of the female meiotic divisions to

embryonic aneuploidy was investigated in 420 oocytes.

This involved the analysis of the first and second PBs. The

first PB can be removed from mature oocytes on the day

they are retrieved from the ovary (day 0), while the second

PB is only extruded upon fertilization and is, therefore, not

available until the day after oocytes are exposed to sperm

(day 1). The oocytes included in the current study were

derived from 95 couples of an average female age of

40.7 years (age range 34–47 years).

Microarray CGH analysis characterized 108/420 (26 %)

oocytes as normal haploid after completion of both meiotic

divisions. Of the abnormal oocytes, 96 (30 %) exhibited

MI errors, 133 (43 %) displayed MII errors, and the

remaining 83 (27 %) had errors in both divisions. Complex

aneuploidy (defined as three or more distinct aneuploidies)

affected 27 % of all oocytes tested, accounting for

approximately one-third (36 %) of those found to be

abnormal. The other two-thirds of the abnormal oocytes

had only 1–2 aneuploidies each.

A total of 914 individual chromosome abnormalities

were detected. 517 of the abnormalities (56 %) involved a

predicted excess of chromosomal material in the oocyte

compared with 398 (44 %) losses. The difference in the

incidence of predicted chromosome gains and losses in the

fertilized oocyte was statistically significant (P \ 0.006).

The vast majority (886; 97 %) of aneuploidies affected

entire chromosomes. However, there were 28 abnormalities

that only affected part of a chromosome. These segmental

aneuploidies were observed in 4 % of oocytes (18/420). In

several cases, more than one segmental aneuploidy was

detected in the same oocyte. Segmental abnormalities were

often, although not always, accompanied by errors affect-

ing whole chromosomes.

Both whole chromosome non-disjunction and unbal-

anced chromatid predivision were detected during female

meiosis, as has been reported previously (Fragouli et al.

2011b; Gabriel et al. 2011; Handyside et al. 2012; Chris-

topikou et al. 2013). Unbalanced chromatid predivision

was responsible for most of the abnormalities seen in the

first meiotic division (76 % chromatid errors vs. 24 %

chromosome errors). There were 35 instances when a

chromatid error arising during the first meiotic division was

corrected by a reciprocal abnormality in meiosis II. How-

ever, in most cases, the oocytes in question remained

abnormal due to the presence of additional aneuploidies,

affecting other chromosomes, which were not corrected.

Only five oocytes, aneuploid at the end of meiosis I, ulti-

mately became normal at the completion of the second

meiotic division. Thus, correction rescued less than 2 % of

abnormal oocytes in the patients included in this study (a

group with a high average female age). These results are

summarized in Table 2.

Table 2 The incidence of MI chromosome and chromatid errors according to female age

Age group Average

female age

Total chromatid errors

corrected during MII

Total oocytes rendered

normal after correction event

Younger 36 years 8.8 % (3 of 34 errors) 12.5 % (3 of 24 oocytes)

Older 41 years 11.3 % (32 of 281 errors) 0.7 % (2 of 288 oocytes)
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Every chromosome participated in aneuploidy events.

However, the five with the highest abnormality rates in

oocytes were of frequency: 16, 21, 22, 15, and 19. When

considering only those oocytes that had a single chromo-

some error, together these five accounted for more than

half (58 %) of all abnormalities.

In order to examine the effects of female age on oocyte

aneuploidy, patients were grouped into younger and older

categories. The younger group included 51 oocytes gen-

erated by 12 women of an average age of 36 years (age

range 34–37 years). The older group included the

remaining 369 oocytes which were generated by 83 women

of an average age of 41 years (age range 38–47 years).

Among the younger patient group, 47 % of oocytes were

chromosomally abnormal. The error rate was slightly

higher in the first meiotic division (25 % of abnormal

oocytes only contained MI errors, 20 % had mistakes

derived from MII alone, and 2 % had aneuploidies arising

in both divisions). There were a total of 39 individual MI

errors and 17 distinct abnormalities of MII origin. Of the

oocytes aneuploid after the first meiotic division, 12.5 %

ultimately became chromosomally normal after the

abnormality was corrected by reciprocal events in meiosis

II. Only a small minority (3.9 %) of oocytes from young

patients were characterized as complex abnormal. Errors

affecting 1–2 chromosomes were observed in 43.1 % of

oocytes. The majority of abnormalities detected (65 %)

involved a predicted gain of a chromosome in the oocyte.

98 % of abnormalities involved whole chromosomes. Only

1/51 (2 %) oocytes analyzed from the younger patients had

a segmental error.

The oocytes from reproductively older patients dis-

played a highly significant increase in the incidence of

aneuploidy, with 78 % of them being affected (288/369;

P \ 0.0001). In particular, the prevalence of complex

abnormalities was almost an order of magnitude higher

among oocytes from the older group, observed in 31 % of

those tested (P \ 0.0001). The 288 abnormal oocytes

consisted of a total of 868 distinct chromosome

abnormalities.

In contrast to the results obtained from the younger

women, errors of meiosis II origin predominated in oocytes

from older patients. 22 % of the oocytes were only affected

by MI abnormalities, whereas 34 % had MII errors alone

and 23 % had a combination of aneuploidies derived from

both MI and MII. While the frequency of aneuploidy in

each of the two meiotic divisions rose with age, errors in

MII showed the most pronounced increase (there were 378

distinct aneuploidies detected after MI compared with 490

related to errors in MII). Consequently, the relative pro-

portion of aneuploidies attributable to MI and MII dif-

fered significantly between the younger and older patient

groups (P = 0.0002). Although individual chromatid

abnormalities derived from MI were sometimes corrected

during MII, the high frequency of complex aneuploidy seen

in the oocytes of older patients meant that less than 1 %

became entirely normal (2/288), a correction rate signifi-

cantly lower than that observed in the younger patient

group (P \ 0.004).

Errors leading to extra chromosomes in the oocyte

accounted for 56 % of all aneuploidies, while the remain-

ing 44 % of abnormalities were losses. Interestingly, par-

tial abnormalities appeared to be more than twice as

common among the oocytes of older patients, affecting

4.6 %, although the number of affected samples was too

small to confirm statistical significance.

Cleavage stage

The incidence of aneuploidy at the cleavage stage was

examined in a total of 754 embryos which were generated

by 113 couples with an average female age of 39.5 years

(age range 27–45 years). Only 130 (17 %) of all investi-

gated embryos were characterized as euploid. The pro-

portion of embryos with simple (1–2 abnormalities) and

complex aneuploidy (three or more abnormalities) was

essentially identical (314 vs. 310, respectively).

A total of 2,468 distinct chromosome imbalances were

scored, evenly split between trisomy and monosomy [1,206

(49 %) chromosome gains and 1,262 (51 %) losses].

Although most aneuploidies involved whole chromosomes,

segmental anomalies were also seen to occur at an appre-

ciable frequency. A total of 173 segmental aneuploidies

(representing 7 % of all abnormalities) were detected in

115 (15 %) embryos. All 24 types of chromosome con-

tributed to cleavage stage aneuploidy, but chromosomes

22, 16, 19, 21, and 13 were the most frequently observed in

the order of prevalence (together accounting for 59 % of all

abnormalities in embryos that were affected by a single

aneuploidy).

As far as female age was concerned, 404 individual

abnormalities were scored in 191 embryos from younger

women (27 patients, average age 35 years, range

27–37 years). The observed aneuploidy rate for this patient

group was 73 %. In the 563 embryos derived from repro-

ductively older women, the abnormality rate was higher

still affecting 86 % (87 patients, average age 41 years,

range 38–45 years). A total of 2,064 distinct abnormalities

were scored in the embryos of the older group. The

increase in embryo aneuploidy rate with age was highly

statistically significant (P \ 0.0001). The incidence of

complex chromosome abnormalities also increased with

advancing female age, affecting 29 % (55 embryos) of

patients from the younger age group to 45 % (255

embryos) of those from the older patient group. The dif-

ference in the incidence of complex abnormal embryos
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between the two age categories was highly significant

(P \ 0.0001). There was no significant association

between the incidence of segmental abnormalities and age.

Blastocyst stage

The frequency of chromosome abnormalities during the

final stage of development prior to implantation was

assessed in 1,046 blastocysts, produced by a group which

included 188 patients of an average female age of

38.8 years (28–47 years). According to the results obtained

from comprehensive chromosome analysis, 438 (42 %) of

the blastocysts were euploid, with abnormalities being

scored for the remaining 608. Thus, for an average female

age of approximately 39 years, the aneuploidy rate at the

developmental stage just before implantation was 58 %.

Complex aneuploidy affected 105 embryos (10 %).

The 608 embryos characterized as chromosomally

abnormal contained a total of 1,113 distinct aneuploidies,

divided approximately equally between losses (53 %) and

gains (47 %). Segmental aneuploidies accounted for a total

of 92 (8 %) of all anomalies scored, affecting 73 (7 %) of

the blastocysts tested. Although all chromosomes were

seen to be affected by aneuploidy, chromosomes 22, 16,

15, 21, and 19 (in the order of frequency) were the five

most often found chromosomes to be abnormal, accounting

for 50.2 % of all errors in blastocysts with a single chro-

mosome abnormality.

The relationship between advancing female age and

chromosome constitution was examined at the blastocyst

stage by grouping patients in the same way as described

above for oocytes and cleavage stage embryos. The

younger patient group consisted of 61 women (average age

35 years, range 28–37 years) who produced 420 embryos,

while the older patient group consisted of the remaining

127 women (average age 41 years, range 38–47 years)

with a total of 626 embryos.

Comparison of the data obtained for the two age groups

clearly showed that younger women generated significantly

fewer aneuploid embryos (200/420, 48 % abnormal) than

older patients (408/626, 65 % abnormal) (P \ 0.0001). It

was also evident that the risk of complex aneuploidy was

higher for the embryos of older women (affecting 13.7 %

of all embryos) compared to the younger group (4.5 % of

all embryos affected, P = 0.0004), although for both age

categories, the majority of abnormal embryos were affected

by just 1–2 aneuploidies (90.5 % of abnormal embryos for

younger patients and 79 % for older).

A total of 315 distinct aneuploidies were detected in the

420 embryos of younger women, while 798 were seen in

the 626 blastocysts generated by older women. For the

younger age group, the incidence of gains and losses of

chromosomes was almost equal (158 vs. 157). For the older

age patient group, chromosome losses occurred slightly

more often than gains (428 vs. 370, 54 % of all abnor-

malities vs. 46 %, respectively), but this difference was not

statistically significant. Segmental aneuploidies were seen

in 32/420 (7.6 %) of blastocysts from younger patients and

60/626 (9.5 %) from the older group.

Molecular karyotypes of a pair of 1st and 2nd PBs

removed from the same oocyte, a blastomere removed from

a cleavage stage embryo, and a trophectoderm sample

removed from a blastocyst stage embryo, all analyzed

during the course of this study, are illustrated in Fig. 1.

How the frequency and variety of chromosome errors

change during progression from mature oocytes

to the final stage of preimplantation development?

Overall, progression through preimplantation development

was associated with a significant decline in the frequency of

aneuploidy. In the patient population examined during this

study, 75 % of oocytes were aneuploid after completion of

both meiotic divisions, while only 58 % of blastocysts were

chromosomally abnormal (P \ 0.0001). The proportion of

samples carrying multiple abnormalities also declined, from

27 % in oocytes to 10 % in blastocysts (P \ 0.0001).

However, at the cleavage stage, a transient increase in the

aneuploidy rate to 83 % (P = 0.0006) was observed,

marked by an elevated frequency of highly abnormal

embryos. Complex aneuploidy affected 41 % of cleavage

stage embryos, significantly higher than observed in oocytes

or blastocysts (P \ 0.0001). An increased incidence of

segmental deletions and duplications was also a feature of

the cleavage stage. The frequency increased threefold with

respect to the incidence seen in oocytes (P \ 0.0001) before

falling by a half in blastocysts (P \ 0.0001).

The elevated abnormality rate observed at the cleavage

stage was also evident in the number of distinct chromo-

some errors per embryo, which increased from an average

of 2.2 in oocytes to 3.3 at the cleavage stage. The increase

in aneuploidy presumably reflects the introduction of

additional sperm-derived aneuploidies and postzygotic

abnormalities. It was also evident that as embryos moved

toward the blastocyst stage, there was a significant decrease

in the average number of errors per embryo (to 1.1),

compared to earlier stages of development, suggesting the

loss of aneuploid embryos or the abnormal cells they

contain. These results are illustrated in Fig. 2.

A total of 4,495 chromosome abnormalities were scored

in all three examined stages. Although a slight excess of

chromosome gains compared to losses was predicted in

oocytes (56 vs. 44 %), the expected preponderance of tri-

somies in embryos was not observed (relative frequency of

trisomies and monosomies differed significantly between

oocytes and embryonic stages, P \ 0.0001). From the day
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3 of development onward, the incidence of monosomy was

found to be equal or perhaps slightly higher than that of

trisomy (51 % losses vs. 49 % chromosome gains and

53 % losses vs. 47 % gains for cleavage and blastocyst

stages, respectively). These results are shown in Fig. 3.

The survival of embryos with specific chromosomal

abnormalities to the blastocyst stage

Table 3 shows the frequency of gains and losses for all 24

types of chromosome and during all three stages. In order to

investigate how embryos with abnormalities affecting indi-

vidual chromosomes progressed through preimplantation

development, we assessed 607 embryos carrying a single

aneuploidy only (124 fertilized oocytes, 158 cleavage stage

embryos, 325 blastocysts). Among these, chromosomes 16,

19, 21, and 22 had the highest aneuploidy rates across all

three examined stages. In general, a decrease in the fre-

quency of total aneuploidies (gains and losses) during pro-

gression to the blastocyst was observed, with chromosome

19 displaying the most obvious decline (of samples con-

taining a single error, 10.5 % of oocytes were aneuploid for

chromosome 19 compared with 5 % of blastocysts). A steep

rise in the frequency of chromosome 22 aneuploidy from

10.5 % in oocytes to 19.6 % at the cleavage stage suggests

that this chromosome may be particularly prone to post-

zygotic errors. These results are illustrated in Fig. 4, and

summarized in Table 4. Data obtained from the cytogenetic

analysis of material coming from spontaneous miscarriages

are also included in Table 4 for comparison purposes.

Fig. 1 Molecular karyotypes resulting after aCGH analysis. Profiles

a and b were generated during the analysis of a pair of PBs removed

from the same oocyte. Profile a represents the chromosome comple-

ment of the 1st PB. A loss of a single chromatid 14 was scored for this

cell. Hence, this 1st PB was classified as 23,X,-14cht, abnormal.

Profile b represents the chromosome complement of the 2nd PB. A

gain of chromosome 14, indicating the correction of the MI error in

the oocyte, along with a loss of chromosome 16 were detected in this

cell. Therefore, this 2nd PB was classified as 23,X,?14,-16,

abnormal; whereas the predicted karyotype of the corresponding

oocyte was determined to be 24,X,?16 abnormal. Profile c represents

the chromosome complement of a blastomere removed from a

cleavage stage embryo. Three different aneuploidies were identified

in this cell and these were gains of chromosomes 13 and 15 and a loss

of chromosome 16. This blastomere was classified as

47,XX,?13,?15,-16, abnormal. Profile d represents the chromo-

some complement of a trophectoderm sample removed from an

embryo which had become a blastocyst. Two different errors were

identified in this sample in the form of losses of chromosomes 7 and

9. This trophectoderm sample was classified as 44,XX,-7,-9,

abnormal
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Discussion

Aneuploidy and human oocytes

In the current study, for an average female age of

*40 years, the aneuploidy rate observed in oocytes after

completion of both meiotic divisions was 74 %, the great

majority being a consequence of premature separation of

sister chromatids. This is in agreement with previous

studies examining the chromosomes of fertilized oocytes

with the use of various cytogenetic methods, such as FISH,

metaphase-CGH, and array-CGH (Kuliev et al. 2003;

Fragouli et al. 2011a; Gabriel et al. 2011; Handyside et al.

2012). As expected, there was a strong influence of female

age on the frequency of aneuploidy. Patients \38 years of

age (average 36 years) exhibited abnormalities in 47 % of

their oocytes, compared with 78 % for women in the older

age range (average 41 years). Although the average age of

the two groups of patients only differed by 5 years, the

frequency of complex abnormalities was almost ten-fold

higher among oocytes of the older group (3.9 vs. 31 % of

oocytes affected; P \ 0.0001).

Of the two female meiotic divisions, MII was the most

error prone, contributing to chromosomal imbalance in

70 % of oocytes. It is long established in the scientific and

medical literature that most aneuploidies detected in mis-

carriages, prenatal samples, and children born with Down

syndrome are the result of errors occurring in female

meiosis I (e.g., Hassold et al. 2007), and consequently, the

data reported here might appear controversial. However, it

is important to note that earlier studies assessing the origin

of meiotic aneuploidy typically involved women in their

twenties or early thirties. Our data agrees that for younger

women (\36), the most error prone division is MI. How-

ever, the fidelity of the second meiotic division is more

dramatically affected by advancing age than that of MI.

Consequently, MII chromosome segregation errors equal

those of MI in the late thirties and become the dominant

source of aneuploidy thereafter. Since industrialized

countries are witnessing a dramatic demographic shift

toward delayed childbearing, chromosome malsegregation

during MII is likely to become of increasing clinical

importance.

Chromosome abnormality at the cleavage stage

After progression to the cleavage stage, a significant rise in

the aneuploidy rate was observed (83 % of embryos

abnormal; P \ 0.0006), with complex chromosome

abnormalities displaying particularly large increases in

frequency. This can be attributed to the introduction of

sperm-derived (male meiotic) errors, in addition to those

abnormalities already present in the oocyte and to post-

zygotic (mitotic) chromosome malsegregation. Since

aneuploidy occurs relatively infrequently in spermatozoa,

estimated to affect fewer than 5 % (Carrell et al. 2003;

Petit et al. 2005), the increase in chromosomal abnormality

rates seen at the cleavage stage is likely to be primarily

attributable to mitotic errors.

Fig. 2 The average number of errors scored per oocyte/embryo. The

average number of errors increased between fertilized oocytes and the

cleavage stage. This increase was reflective of the introduction of

sperm and postzygotic chromosome abnormalities. Progression to the

blastocyst stage was associated with a significant decrease in the

average number of errors, compared to earlier developmental stages.

This decrease is suggestive of the loss of aneuploid embryos and/or

abnormal cell lines within embryos

Fig. 3 The frequency of chromosome losses and gains, according to

developmental stage. A small excess of gains compared to losses was

predicted in the oocytes after completion of both meiotic divisions.

However, the expected excess of trisomies was not observed in

embryos either at the cleavage or blastocyst stage of development.

Conversely, what was evident was that from day 3 of preimplantation

development the incidence of monosomy was slightly more frequent

compared to the incidence of trisomy
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Advancing female age was associated with significantly

higher aneuploidy rates for cleavage stage embryos

(P \ 0.0001), attributable to the increased risk of oocyte-

derived errors. For patients over 37 years of age (mean

41 years), only 14 % of cleavage stage embryos were

chromosomally normal. This extraordinary rate of

aneuploidy likely explains the low success rates of IVF

treatment for women in their late thirties and forties. For

women aged 41–42 years, only 9.6 % of embryos trans-

ferred to the uterus during IVF cycles succeed in

implanting (Centers for Disease Control and Prevention

2013). The high aneuploidy rates are also a likely expla-

nation for the reduced fecundity and elevated miscarriage

rates seen in natural reproductive cycles with advancing

female age.

Aneuploidy at the blastocyst stage

Transition to the blastocyst stage was associated with a

decrease in the aneuploidy rate to 58 %, significantly lower

than seen in oocytes and an even more dramatic decline

with respect to the cleavage stage (P \ 0.0001 in both

cases). A decrease in the average number of chromosome

abnormalities per embryo was also seen, reflective of a

great reduction in the proportion of embryos affected by

complex aneuploidy (on average, each blastocyst contained

1.1 aneuploid chromosomes, compared with 3.3 at the

cleavage stage and 2.2 in oocytes). The decrease in aneu-

ploidy is presumably due to impaired viability, leading

Table 3 The relative contribution to aneuploidy of specific chromosome abnormalities in oocytes, cleavage stage embryos, and blastocysts

Chromosome Oocyte

gains (%)

Oocyte

losses (%)

Oocyte

totals (%)

Cleavage

gains (%)

Cleavage

losses (%)

Cleavage

totals (%)

Blastocyst

gains (%)

Blastocyst

losses (%)

Blastocysts

totals (%)

1 1.2 1.53 2.73 2.15 2.1 4.25 1.88 0.98 2.86

2 1.42 1.86 3.28 1.94 2.3 4.24 0.89 2.5 3.39

3 1.31 0.55 1.86 1.78 1.46 3.24 0.72 1.6 2.32

4 1.75 0.87 2.62 1 1.66 2.66 1.6 2.7 4.3

5 1.42 1.64 3.06 1.5 1.7 3.2 0.72 1.34 2.06

6 0.76 1.2 1.96 1.46 1.33 2.79 1.17 0.72 1.89

7 1.64 1.2 2.84 1.95 1.7 3.65 1.8 1.6 3.4

8 0.77 1.2 1.97 1.42 2 3.42 1.8 1.5 3.3

9 2.62 1.31 3.93 1.9 2.1 4 1.35 1.44 2.79

10 2 0.87 2.87 2 1.86 3.86 1.44 1.07 2.51

11 1.75 1.75 3.5 1.66 1.66 3.32 1.35 2.42 3.77

12 1.86 1.1 2.96 2.19 1.74 3.93 1.17 0.98 2.15

13 1.75 2.3 4.05 2.4 2 4.4 1.5 3 4.5

14 1.64 1.86 3.5 2 2.26 4.26 1.08 1.5 2.58

15 4.8 3.17 7.97 3 3.12 6.12 4.6 3.14 7.74

16 5 4 9 3 3.44 6.44 4.76 5 9.76

17 0.87 2 2.87 2.1 1.78 3.88 2.06 1.17 3.23

18 2.84 1.1 3.94 1.54 2.5 4.04 1.6 2.87 4.47

19 2.4 3.8 6.2 3.7 2.19 5.89 2.51 1.26 3.77

20 5.13 1.96 7.09 1.82 2.15 3.97 1.44 1.88 3.32

21 5.9 3.6 9.5 2.63 2.76 5.39 2.78 4.5 7.28

22 4.9 3.27 8.17 4 3.8 7.8 7.27 4.3 11.57

X 2.73 1.2 3.93 1.17 2.8 3.97 1.35 4.85 6.2

Y 0.36 0.4 0.76 0.54 0.09 0.63

Fig. 4 Chromosomes 19 and 22 were among the ones mostly

affected by aneuploidy events throughout preimplantation develop-

ment. A decline in the rate of chromosome 19 abnormalities was

evident from just after fertilization to just before implantation. The

incidence of chromosome 22 errors, however, increased from just

after fertilization to the cleavage stage, indicating that this chromo-

some could be particularly prone to postzygotic malsegregation
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some abnormal embryos to undergo developmental arrest

before reaching the blastocyst stage. Individual types of

aneuploidy appeared to have differing impacts on devel-

opmental capacity, discussed in more detail in the fol-

lowing sections. As with cleavage stage embryos,

significantly elevated abnormality rates were observed in

blastocysts from older women (48 % in patients averaging

35 years and 65 % in patients averaging 41 years;

P \ 0.0001), in line with the increased frequency of

oocyte-derived errors.

Complex chromosome abnormality and mosaicism

Young women typically produce very few oocytes affected

by multiple aneuploidies, yet the incidence of complex

chromosomal abnormality was high in their cleavage stage

embryos. This suggests that this phenomenon is largely a

consequence of mitotic errors originating in the first few

cell divisions following fertilization. The fidelity of mitotic

chromosome segregation seems to be unaffected by

maternal age. Taking into account the frequency of com-

plex aneuploidy in the oocytes of women of different ages,

it can be calculated that 20–25 % of cleavage stage

embryos in the current study became highly abnormal as a

consequence of mitotic errors, regardless of maternal age.

Previous research has shown that cleavage stage

embryos affected by complex aneuploidy are usually

highly mosaic, composed of several abnormal cell lines.

This is consistent with a mitotic origin for the aneuploidies

detected. Such embryos often display chaotic patterns of

chromosome segregation and rarely contain any euploid

cells (e.g., Delhanty et al. 1997; Wells and Delhanty 2000;

Gutierrez-Mateo et al. 2011). The aberrant gene expression

caused by the presence of multiple aneuploidies is likely to

lead to a lethal collapse in cellular pathways. Even mosaic

embryos containing a subpopulation of euploid cells may

suffer reduced viability, as the presence of aneuploid cells

may disrupt critical cell–cell interactions, leading to a

Table 4 The progress of single chromosome errors from the oocyte to the blastocyst stage and after implantation

Chromosome Oocyte Cleavage Blastocyst Spontaneous

abortions*

Gains

(%)

Losses

(%)

Totals

(%)

Gains

(%)

Losses

(%)

Totals

(%)

Gains

(%)

Losses

(%)

Totals

(%)

Trisomies (%)

1 1.61 1.61 3.22 1.26 0.63 1.89 1.23 0.62 1.85 0

2 0 1.61 1.61 1.26 0.63 1.89 0.92 1.23 2.15 2

3 0 0 0 0 0 0 0 0.6 0.6 2

4 2.4 0 2.4 0 1.26 1.26 1.23 1.77 3 2.4

5 0 0.8 0.8 0 0 0 0 0.6 0.6 0.2

6 0.8 0.8 1.6 0.63 0.63 1.26 1.55 0.6 2.15 1.6

7 1.6 0 1.6 0.63 0 0.63 0.32 0.6 0/92 3

8 0.8 0.8 1.6 1.26 3.14 4.4 1.77 1.77 3.54 2

9 0.8 1.6 2.4 0.63 2.47 3.1 1.77 0.32 2.09 2.2

10 2.4 0 2.4 1.9 1.26 3.16 0.92 0.6 1.52 1.3

11 0 0 0 0.63 2.47 3.1 0.92 0.92 1.84 0.9

12 0.8 1.6 2.4 0.63 0 0.63 1.23 1.55 2.78 1.8

13 3.22 3.22 6.44 5 3.8 8.8 1.77 2.23 4 7.3

14 0.8 1.6 2.4 0.63 1.26 1.89 0.6 1.63 2.23 3.3

15 8.9 1.6 10.5 1.9 3.8 5.7 6.15 3.69 9.84 5.6

16 11.3 3.22 14.52 5.7 5.7 11.4 7 6.23 13.23 25.3

17 1.6 0 1.6 1.26 0.63 1.89 2.23 0.32 2.55 0.2

18 1.6 0 1.6 0.63 1.26 1.89 2.23 2.77 5 6.2

19 3.2 7.3 10.5 4.4 5.6 10 2.77 2.23 5 0

20 5.6 0 5.6 1.26 2.47 3.73 1.23 1.55 2.78 3.6

21 9.7 2.3 12 3.8 5 8.8 2.46 4.31 6.77 11.6

22 4.8 5.7 10.5 10 9.6 19.6 9.53 5.87 15.4 7.3

X 3.2 0.8 4 0 0 0 3.23 1.77 5

Y 0 0 0 0.92 0 0.92

X0 4.4 4.4 4.3 4.3

Considering only oocytes and embryos that contained a single aneuploid chromosome

* Data from Lebedev (2011)
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failure to achieve the reorganization and differentiation

necessary for blastocyst formation. Studies of blastocysts

and miscarriages have produced data supporting the notion

that mosaic embryos have reduced survival rates (Santos

et al. 2010; Fragouli et al. 2011a; Lebedev 2011).

Although mosaicism is most prevalent at the cleavage

stage, it can still be detected in some blastocyst stage

embryos. However, chaotic patterns of chromosome seg-

regation are much less common and the proportion of

abnormal cells in mosaic diploid-aneuploid embryos is

generally reduced (Santos et al. 2010; Northrop et al. 2010;

Fragouli et al. 2011a). This suggests that during the latter

stages of preimplantation development, euploid cells have

preferential survival rates or undergo mitosis more rapidly,

thus coming to dominate the embryo (Sandalinas et al.

2001; Li et al. 2005; Rubio et al. 2007; Fragouli et al.

2011b; Santos et al. 2010). It may be that complex

abnormal cells (or the embryos that contain a high pro-

portion of such cells) cease dividing altogether or undergo

apoptosis, but this remains to be conclusively

demonstrated.

Survival of specific aneuploidies and unique

cytogenetic aspects of specific developmental stages

Comparison of the three developmental stages revealed

that cytogenetic results from oocytes and blastocysts

resembled each other closely, whereas the intermediate,

cleavage stage had many peculiarities, distinguishing it

from earlier and later stages. Not only did the cleavage

stage have a significantly higher incidence of aneuploidy

and complex chromosome abnormality than the preceding

and following stages, but the spectrum of aneuploidies

observed also displayed some unique characteristics.

One distinctive feature of the cleavage stage was a

significant increase in the frequency of segmental chro-

mosome abnormalities, in which breakage of DNA strands

results in loss or gain of chromosomal fragments. Abnor-

malities of this type were only seen in 4 % of oocytes, but

occurred in three times as many cleavage stage embryos

(15 %) (P \ 0.0001). Segmental abnormalities have pre-

viously been reported in cleavage stage embryos (Wells

and Delhanty 2000; Voullaire et al. 2000; Vanneste et al.

2009), but relatively little is known about their incidence in

oocytes and blastocysts or their ultimate fate. The large

increase in the frequency of segmental aneuploidy

observed at the cleavage stage during this study coupled

with the fact that such abnormalities usually exist in a

mosaic form, indicating that most originate during the first

few mitotic divisions. It has been proposed that such seg-

mental abnormalities could be forming via a mechanism of

chromosome catastrophe or chromothripsis (Liu et al.

2011). This phenomenon was first described during the

cytogenetic investigation of cancer cells (Stephens et al.

2011). It was thought to occur via a single event replicative

mechanism and could reflect the state of DNA metabolism

(Liu et al. 2011). The increase in partial chromosome errors

observed at the cleavage stage may be a consequence of

depletion of oocyte-derived nucleotide precursors or other

resources, during a phase where the embryo has relatively

little metabolic capacity, as it has just started expressing its

own genome. The frequency of segmental aneuploidy

halved at the blastocyst stage suggested that the affected

cells/embryos experience reduced viability.

The similarity between the types of aneuploidy recorded

in oocytes and blastocysts indicates that mitotic chromo-

some abnormalities, arising at the cleavage stage, are

usually lost before formation of a clinical pregnancy, only

rarely contributing to aneuploidies seen later in develop-

ment. This possibility is concordant with cytogenetic

studies examining products of conception (i.e., miscar-

riages), which have concluded that the vast majority of

aneuploidies detected after embryo implantation originate

from errors taking place during female meiosis (reviewed

in Hassold and Hunt 2001).

All chromosomes were seen to participate in aneuploidy

events, although not to the same extent. As previously

reported, larger chromosomes tended to be less often

affected by malsegregation (Voullaire et al. 2000; Wells

and Delhanty 2000; Pellestor et al. 2003; Clouston et al.

2002; Fragouli et al. 2011a, b). In general, the incidence of

abnormality for individual chromosomes increased slightly

at the cleavage stage, before undergoing a small decline at

the blastocyst stage. However, a few types of aneuploidy

displayed more dramatic fluctuations in frequency as pre-

implantation development progressed. Abnormalities

involving chromosome 22 and the sex chromosomes

demonstrated a more significant increase at the cleavage

stage than other chromosomes (P \ 0.05 and P \ 0.02,

respectively). An increase in sex chromosome abnormali-

ties following fertilization was not unexpected, as unlike

most other aneuploidies, a significant proportion of those

detected in established pregnancies are known to be of

male origin (*50 %) (Hassold et al. 1992). The reason for

the disproportionate increase in aneuploidy involving

chromosome 22 at the cleavage stage is not clear. Most

instances of trisomy 22 detected during pregnancy or in

miscarriages are of maternal origin. This suggests one of

two possibilities: (1) The extra chromosome 22 abnor-

malities are introduced by the sperm, but trisomy 22 is

more lethal when of male origin and consequently, preg-

nancies affected by trisomy 22 tend to be derived from

errors occurring in female meiosis and (2) Sperm contrib-

ute relatively few chromosome 22 aneuploidies, but the

chromosome has an unusually high-risk of mitotic error

during the early cleavage divisions.
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During progression to the blastocyst stage, aneuploidies

involving chromosome 19 declined at a disproportionately

rapid rate compared with other chromosomes, indicating

that such abnormalities are particularly detrimental even at

early developmental stages. This may be related to the

large number of genes on chromosome 19 (although small

in size, chromosome 19’s gene content is almost equal to

that of chromosome 1; reviewed in Cremer and Cremer

2001). It may also be that genes important for preimplan-

tation development and/or blastocyst formation are located

on that chromosome. Aneuploidy for chromosome 19 is not

observed in established pregnancies (Lebedev 2011).

Data from the cytogenetic analysis of products of con-

ception reveal that at least 4–5 % of all clinically recog-

nized pregnancies and *50 % of all spontaneous abortions

carry an autosomal trisomy, whereas monosomies have

rarely been observed (Lestou and Kalousek 1998; Hassold

and Hunt 2001; Menasha et al. 2005). This situation differs

greatly from that seen in the oocytes and embryos assessed

during this study, in which approximately half of all an-

euploidies involved chromosome loss. The rate of mono-

somy remained equal to that of trisomy during progression

to the blastocyst stage, indicating that embryos are able to

tolerate this type of abnormality during the first few days of

life. The reason that so many unfamiliar types of aneu-

ploidy, varieties never seen in miscarriages or prenatal

samples, can be observed during preimplantation devel-

opment probably reflects the fact that, during the first

2–3 days of life, the embryonic genome is inactive and

cellular processes are still supported by proteins and

mRNA transcripts supplied by the oocyte (Braude et al.

1988; Fragouli et al. 2012). However, by the time the

blastocyst stage is reached, the embryo has been expressing

its own genome for 2–3 days, and there is evidence that

some forms of abnormality are beginning to have a nega-

tive impact on development. While the frequency of

monosomic embryos is unchanged in blastocysts, those

affected by chromosome loss tend to achieve poorer mor-

phological scores (a visual measure of developmental

competence assigned by embryologists in IVF clinics) than

normal or trisomic embryos (Alfarawati et al. 2011). As

discussed above, complex aneuploid embryos show

reduced survival to the final stage of preimplantation

development and those that do succeed in forming blasto-

cysts have an increased likelihood of suboptimal

morphology.

Mechanisms leading to aneuploidy

Approximately, 4,500 individual chromosome abnormali-

ties were scored during the course of this study. After

completion of both meiotic divisions, a small but signifi-

cant excess (56 %) of chromosome gains compared to

losses (44 %) was predicted in oocytes (P \ 0.006), lead-

ing to a greater risk of trisomy than monosomy in the

resulting embryo. During the first meiotic division,

abnormalities caused by nondisjunction of homologous

chromosomes or premature separation of sister chromatids

are expected to lead to an equal frequency of chromosome

losses and gains. The excess of gains seen in this study

suggests that mechanisms leading to retention of chromo-

somes in the oocyte, such as anaphase lag and/or con-

gression failure (unsuccessful migration and attachment of

chromosomes on the spindle) also occur and contribute

significantly to aneuploidies arising during human

oogenesis.

Although the cytogenetic analysis of oocytes predicted

an excess of trisomic embryos, examination of the cleavage

and blastocyst stages actually revealed a slight overrepre-

sentation of monosomy (47 vs. 53 % at the blastocyst

stage). This suggests that mitotic chromosome loss, most

likely a consequence of anaphase lag (Coonen et al. 2004;

Daphnis et al. 2005), is common during the first few cell

divisions as well as during female meiosis. Lagging chro-

mosomes, which fail to migrate to one of the spindle poles

along with the other chromosomes, tend to be left behind

forming separate micronuclei during the following inter-

phase before ultimately being lost altogether. Micronuclei

are often observed in human embryos at the cleavage stage,

providing further evidence for an appreciable frequency of

anaphase lag during early embryogenesis (Munne et al.

1998, 2002; Colls et al. 2007).

Since the first few mitotic divisions rely on mRNA

transcripts and proteins provided by the oocyte, it is con-

ceivable that oocyte deficiencies could also have effects

during early mitoses. Analyses of embryonic stages pro-

vided some evidence in support of this idea, indicating that

the effects of advancing female age may not be limited to

meiotic fidelity, but might also extend to the mitotic divi-

sions following fertilization. In embryos derived from

younger women, there were an equal proportion of chro-

mosome gains and losses; whereas the embryos of older

women displayed more losses. The difference was not

statistically significant, but warrants further investigation.

The genomic instability observed at the cleavage stage

for all patient age groups, including significant levels of

chromosome breakage and mitotic chromosome malseg-

regation, bears a close resemblance to cytogenetic anom-

alies often described in tumor cells. As with tumors, one of

the principal underlying causes is likely to be a deficiency

in cell cycle-regulatory mechanisms, which usually act to

monitor and maintain accurate chromosome segregation

and other aspects of genomic integrity (e.g., cell cycle

checkpoints). The significant reduction in aneuploidy seen

in blastocysts suggests that after activation of the embry-

onic genome at the cleavage stage, these mechanisms
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become active, reducing the risk of further errors occurring

and beginning a process of clearing abnormal cells, espe-

cially those affected by multiple aneuploidies.

Conclusions

In conclusion, this investigation demonstrates that chro-

mosome abnormalities are present at a high frequency

throughout preimplantation development, a consequence of

the accumulated errors occurring during gametogenesis

and early mitotic divisions. Advancing female age was

associated with increasing aneuploidy rates in oocytes and

embryos and was particularly closely linked to the presence

of complex chromosomal abnormalities. The excess of

chromosome losses seen, especially during female meiosis,

suggests that anaphase lag and/or failure of chromosomes

to be captured by the microtubules of the spindle (con-

gression failure) are important aneuploidy causing mech-

anisms during oogenesis and continue to have a significant

impact during the first few mitotic divisions. Progression to

the final stage of preimplantation development, the blas-

tocyst stage was associated with a decrease in aneuploidy

rate, although overall chromosome abnormality rates

remained high. Some forms of abnormality (e.g., complex

aneuploidy and imbalance affecting chromosome 19)

showed particularly large declines in frequency as devel-

opment progressed, but most aneuploidies had relatively

little impact up until the time of blastocyst formation.

Molecular genetic analyses of chromosomal abnormal-

ities occurring in miscarriages have revealed that most of

the aneuploidies arise during female meiosis, usually as a

consequence of nondisjunction in the first meiotic division

(Hassold and Hunt 2001). However, direct observation of

female meiotic divisions (via polar body analysis) and

early embryonic stages during the current study clearly

show that, prior to implantation, a wide range of aneu-

ploidies are present and their origins are much more varied

than those seen in later pregnancy. Premature separation of

sister chromatids during both female meiotic divisions,

aneuploidies arising due to mitotic chromosome malseg-

regation, and, to a lesser extent, male-meiotic errors are

common. The fact that aneuploidies with these origins are

rarely seen later in pregnancy raises the possibility that the

origin of aneuploidy somehow influences the impact on

embryo viability.

Of the many types of aneuploidy recorded during this

investigation, including at the final stage of preimplanta-

tion development (the blastocyst stage), only a handful

have ever been reported in clinical pregnancies. This nar-

rows the potential window of time during which selection

against aneuploid embryos occurs, demonstrating that the

vast majority of aneuploid human embryos survive

preimplantation development and are lost at the time of

implantation or shortly thereafter.
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