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Abstract

A previous study comparing the performance of different platforms for DNA microarray found that the oligonucleotide
(oligo) microarray platform containing 385K isothermal probes had the best performance when evaluating dosage
sensitivity, precision, specificity, sensitivity and copy number variations border definition. Although oligo microarray
platform has been used in some research fields and clinics, it has not been used for aneuploidy screening in human
embryos. The present study was designed to use this new microarray platform for preimplantation genetic screening in the
human. A total of 383 blastocysts from 72 infertility patients with either advanced maternal age or with previous miscarriage
were analyzed after biopsy and microarray. Euploid blastocysts were transferred to patients and clinical pregnancy and
implantation rates were measured. Chromosomes in some aneuploid blastocysts were further analyzed by fluorescence in-
situ hybridization (FISH) to evaluate accuracy of the results. We found that most (58.1%) of the blastocysts had
chromosomal abnormalities that included single or multiple gains and/or losses of chromosome(s), partial chromosome
deletions and/or duplications in both euploid and aneuploid embryos. Transfer of normal euploid blastocysts in 34 cycles
resulted in 58.8% clinical pregnancy and 54.4% implantation rates. Examination of abnormal blastocysts by FISH showed
that all embryos had matching results comparing microarray and FISH analysis. The present study indicates that oligo
microarray conducted with a higher resolution and a greater number of probes is able to detect not only aneuploidy, but
also minor chromosomal abnormalities, such as partial chromosome deletion and/or duplication in human embryos.
Preimplantation genetic screening of the aneuploidy by DNA microarray is an advanced technology used to select embryos
for transfer and improved embryo implantation can be obtained after transfer of the screened normal embryos.
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Introduction

Aneuploidy is one of the most crucial factors affecting embryo

implantation and is also a major cause of birth defects [1], [2]. It

has been reported that the aneuploidy rate is extremely high in

patients with repeated implantation failure [3], recurrent miscar-

riages [4], previous aneuploid conceptions [5] and advanced

maternal age [2], [6–9]. Recently it has been found that a high

aneuploidy rate (,40%) is also present in younger (,31 yrs old)

patients undergoing in vitro fertilization (IVF) [10], [11].

Preimplantation genetic screening (PGS) by 24-chromosome

microarray is an important diagnostic method to identify

aneuploidy and other chromosome abnormalities [12]. Transfer

of euploid blastocysts has significantly increased clinical pregnancy

and embryo implantation rates [11], [13], [14].

Currently, two major microarray platforms are used for PGS in

human IVF. One is a bacterial artificial chromosomes (BAC)

microarray platform provided by BlueGnome [11], [14–16] and

the other is a single-nucleotide polymorphisms (SNP) microarray

platform provided by Affymetrix and Illumina [17–19]. It has

been reported that the BAC platform uses a tiling-resolution

microarray encompassing 32K overlapping BAC clones selected to

cover the entire human genome, while the Affymetrix 100K SNP

array contains 35-mer oligonucleotides with a total of 116, 204

SNPs [12], [20–23]. Both platforms have been successfully used in

human PGS in which only one cell or few cells are biopsied from

an embryo [11], [13], [14], [19], [24].

Previous studies comparing the performance of different

platforms for DNA array found that the oligo microarray platform

provided by NimbleGen containing 385K isothermal probes had

the best performance when evaluating dosage sensitivity, precision,

specificity, sensitivity and copy number variations (CNVs) border

definition [20–23]. The most up-to-date NimbleGen array

platform has 4.2 million probes per array that is able to detect
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CNVs down to ,5 kb, and it is the most sensitive DNA

microarray platform developed. Therefore, identification of very

small gains and losses in chromosomes from single cells is possible

[21], [22], [25], [26]. Previously we had limited data to show that

NimbleGen array platform was able to provide similar chromo-

some information for aneuploidy screening in human embryos

when compared with the BAC array platform [14]. Although the

NimbleGen microarray platform has been used in some research

fields and clinics [21], [22], [25–28], it has not been used for

aneuploidy screening in human preimplantation embryos. In the

present study, we used the NimbleGen oligo microarray platform

to perform aneuploidy screening in human blastocysts obtained

from patients undergoing IVF and PGS. The study aimed to

evaluate the application of a new array platform with more probes

to cover more genomic regions in human PGS. Using this new

array platform, it may be possible to identify minor chromosomal

abnormalities.

Materials and Methods

Ethics statement
Patients undergoing IVF and PGS signed written consents for

embryo biopsy and aneuploidy screening. When the patients

signed the consents, they were aware that embryo biopsy and PGS

are investigational procedures requiring removal of one or more

cells from embryos and that the genetic analysis of their samples

would be used for selection of euploid embryos for transfer and for

investigational purposes. As promulgated by the United States

Department of Health and Human Services, this study was

exempted from Institutional Review Board approval as it involved

the review of existing data, documents, records, and diagnostic

specimens in such a manner that subjects could not be identified

directly or through identifiers linked to the subjects.

Patient preparations for egg retrieval and PGS
Patients underwent PGS because they had either previously

experienced recurrent miscarriage and/or were of advanced

maternal ages. For controlled ovarian hyperstimulation, patients

were treated with a mixed protocol of human menopausal

gonadotropin and a GnRH antagonist. The follicle stimulation

hormone products (Follistim, Gonal-F, or Bravelle plus Menopure)

were usually started within the first 2–3 days after the period

begins with a starting dose between 150 and 375 iu per day. The

dose was adjusted as the stimulation progressed. Human chorionic

gonadotropin (hCG), at a dose of 250 mcg, was injected to induce

final oocyte maturation when at least two dominant follicles

reached a diameter of .18 mm. Eggs were retrieved via

transvaginal ultrasound between 35–37 hrs after hCG adminis-

tration.

Embryo culture and embryo biopsy
Oocytes were cultured in Global

TM

medium (IVFonline, CT,

USA) supplemented with 10% serum protein substitute (SPS,

IVFonline) for 4–5 hrs before removing the surrounding cumulus

cells in a HEPES buffered medium (Global-HEPES) containing 40

iu hyaluronidase. The mature (metaphase II) oocytes were

inseminated by intracytoplasmic sperm injection (ICSI). Fertiliza-

tion was examined 16–18 hrs after ICSI and zygotes were cultured

in Global medium supplemented with 10% SPS at 37uC in a

humidified atmosphere of 5.5% CO2, 5% O2 and balanced

nitrogen until day 6 after insemination. At Day 3, a hole about

20 mm was opened in the zona pellucida using the ZILOS-tk
TM

laser system (Hamilton Thorn Bioscience Inc., MA, USA). On

Day 5, embryos were examined with an inverted microscope and

if trophectoderm (TE) cells started to hatch from the opening in

the zona pellucida (Figure 1A), some hatched TE cells (,10) were

biopsied using a 20 mm polished biopsy pipette with assisted

cutting by the laser (Figure 1B). Blastocyst biopsy was performed

on TE cells at days 5 and 6 depending on blastocyst development.

After biopsy, the embryo proper was cultured in Global medium

supplemented with 10% SPS for 1–2 hrs before vitrification. The

biopsied cells were washed with a washing buffer, placed in tubes

with cell lysis buffer and were then frozen at –20uC before being

processed for microarray.

Blastocyst vitrification
Blastocysts were vitrified after the blastocoele completely

collapsed according to a previous method reported by Mukaida

et al. [29] by using Irvine vitrification kit (Irvine Scientific, Irvine,

CA USA). Briefly, blastocysts were equilibrated in the equilibra-

tion solution contained 7.5% (v/v) ethylene glycol and 7.5% (v/v)

dimethylsulphoxide for 2 minutes on a warming stage (37uC). The

blastocysts were then transferred into the vitrification solution that

was composed of 15% (v/v) ethylene glycol, 15% (v/v)

dimethylsulphoxide and 0.5 M of sucrose and then loaded onto

a vitrification straw within 45 seconds. The straw was immediately

plunged into the protective straw inside liquid nitrogen for

cryopreservation. All embryos were vitrified individually and then

stored in the liquid nitrogen until warming for frozen embryo

transfer (FET).

Microarray with oligo NimbleGen platform
Biopsied TE cells were lysed and the cell’s genomic DNA was

amplified using Rubicon whole-genome amplification kit (Rubi-

con, MI, USA). Amplified samples were purified with a GenElute

PCR Clean-Up Kit (Sigma, MO, USA). The DNA concentration

of purified samples was measured using Nanodrop 2000 (Thermo,

DE, USA) and the samples were then labeled with Cy3 using the

NG dual color labeling kit according to manufacturer’s instruc-

tions (Roche NimbleGen, IN, USA). Labeled samples were mixed

with Cy5 control labeled samples, dried, dissolved and loaded on

NimbleGen 66630K comparative genome hybridization (CGH)

tiling array following the NimbleGen hybridization protocol. After

overnight hybridization, arrays were washed following the

NimbleGen washing protocol. Arrays were dried and scanned

with a NimbleGen MS200 scanner (Roche NimbleGen, IN, USA)

at 2 mM scanning resolution. Scanned images were analyzed by

Deva 1.1 software (Roche NimbleGen, IN, USA) and the

normalized ratio of each sample versus the control was retrieved

following the NimbleGen CGH data analysis protocol. Finally the

normalized ratio of each sample was input into Nexus 6.1 software

(Biodiscovery, CA, USA) and the Log2 ratio result of each

sample’s whole genome view is presented.

Blastocyst warming and FET
For warming, normal euploid blastocysts were exposed to 1 M

warmed (37uC) sucrose for 1 minute. Blastocysts were then

transferred to 0.5 M sucrose for 3 minutes and to a basic solution

(HEPES buffered tissue culture medium 199 supplemented with

20% SPS) for 10 minutes with a solution change after 5 minutes at

room temperature. After completion of the warming process,

blastocysts were washed with Global medium supplemented with

10% SPS and then cultured in the same medium for 2–4 hrs

before transfer. Blastocyst quality was assessed using standard

assessments developed by the Society of Assisted Reproductive

Technology [30]. As shown in Figure 1C–F, two different

categories of inner cells mass (ICM) and TE cells were used:

ICM: good (many cells, tightly compact and distinct ICM) and fair

Microarray Analysis of Human Embryos
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(several cells, loosely grouped); TE: good (many cells, forming a

cohesive layer) and fair (few cells, forming a loose epithelium).

Patients for FET received oral micronized estradiol and

transdermal estrogen for preparation of the endometrium for

12–20 days. Intramuscular administration of progesterone in oil

was then initiated 6–7 days before embryo transfer and was

continued until the first pregnancy test two weeks after embryo

transfer. Ongoing pregnancies were supported by continued

estradiol and progesterone.

Pregnancy diagnosis
Fourteen days after embryo transfer, pregnancy was checked by

a serum b-hCG assay. When the b-hCG was .5 mIU/mL the

patients were regarded as having a biochemical pregnancy. Four

weeks after embryo transfer, when a gestational sac and a heart

beat appeared ultrasonographically, the patients were diagnosed as

having a clinical pregnancy.

Assessment of abnormal chromosomes in the aneuploid
blastocysts with fluorescence in-situ hybridization (FISH)

Ten aneuploid blastocysts detected by microarray were fixed on

glass slides and then processed for FISH. Because the errors in the

chromosomes were known, the probes for FISH were chosen

based on the abnormal chromosomes and sex chromosomes only.

Fluorescence signals for FISH were examined under a fluores-

cence microscope. The data obtained by FISH and microarray

was further compared to evaluate the accuracy of these

techniques.

Statistical analysis
Interval data was analyzed by one-way analysis of variance and

categorical differences between groups were analyzed by Chi-

square. If the P value was less 0.05, it was considered to be

statistically different.

Figure 1. Microscopic images of human blastocysts for biopsy and recovering after vitrification/warming. (A) Some trophectoderm
cells in a blastocyst started to hatch and (B) the trophectoderm cells were biopsied with assisted laser cutting. Images in C–D show the blastocysts
after vitrification and warming. Blastocysts had been cultured for 2–4 hrs after warming, showing good (ICM and trophectoderm cells) hatched (C)
and hatching (D) blastocysts. The hatching blastocyst in (E) has good ICM but fair trophectoderm while the blastocyst in (F) has both fair ICM and
trophectoderm. Arrows indicate ICMs and arrow heads indicate trophectoderm cells. Bar = 40 mm.
doi:10.1371/journal.pone.0061838.g001
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Results

NimbleGen oligo array can detect minor chromosomal
abnormalities

When samples with known lengths (deletion sizes were 1.6 mb,

1.3 mb and 637 kb, respectively) of chromosomal abnormalities

(7q11, 2q12 and 17q24) were labeled with higher resolution oligo

chips, we found that the segments that the NimbleGen oligo

microarray could detect were 1.3 and 1.6 mb. However, the

smaller 637 kb segment could not be detected by this array

platform. Thus the NimbleGen 630K chip can detect segments as

small as 1.3 mb (Figure 2), while BAC 32K array can detect

segments of 4 mb (data not shown), indicating that the NimbleGen

oligo array platform is more sensitive than the BAC array

platform.

High proportions of human blastocysts demonstrated
aneuploidy, partial chromosome deletions and
duplications

Table 1 summarizes the PGS results in the patients studied. In

this study, 383 blastocysts were screened for chromosomal

abnormalities by microarray and these embryos resulted from

572 fertilized eggs (blastocyst rate of 67.0%) in 72 patients that

were either advanced maternal age or had experienced recurrent

miscarriage. As shown in Table 1, 98.4% of the samples had DNA

signals after microarray. Of these samples, 41.9% were normal

euploid blastocysts (Figure 3A and B) and 58.1% were abnormal

blastocysts, which included aneuploid blastocysts with a single

(Figure 3C) or multiple (Figure 3D) chromosomal errors (gains or

losses), and euploid blastocysts with partial chromosome duplica-

tions (Figure 3E) or deletions (Figure 3F).

Figure 2. Sensitivity detection by NimbleGen oligo microarray. Three samples with known length of chromosomal deletions (7q11, 2q12 and
17q24) were examined with oligo array platform and deletion segments of 1.6 (A) and 1.3 (B) mb were detected by this platform but 637 kb (C) was
not detected with single cell array.
doi:10.1371/journal.pone.0061838.g002
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When we compared the chromosomal abnormalities in embryos

from patients with advanced maternal age and recurrent

miscarriage, we found that patients with advanced maternal age

had more abnormal embryos (64.0%) than patients with recurrent

miscarriage (47.4%). As shown in Figure 4A, we found that out of

219 abnormal blastocysts, 94 (42.9%) had single chromosome

errors, 101 (46.1%) had multiple chromosome errors, 15 (6.9%)

were euploid but had partial deletions in some chromosome(s), 7

Table 1. Microarray analysis of human blastocysts in patients undergoing in vitro fertilization and preimplantation genetic
screening.

Observations Advanced maternal age Recurrent miscarriage Total

No. of cycles 51 21 72

Average age 40.262.8 33.262.2

No. of zygote (2 pronuclei) 375 197 572

No. (%)* of blastocysts biopsied 246 (65.6) 137 (69.5) 383 (67.0)

No. (%) of samples with DNA signals 242 (98.4) 135 (98.5) 377 (98.4)

No. (%) of normal embryos 87 (36.0)a 71 (52.6)b 158 (41.9)

No. (%) of abnormal embryos** 155 (64.0)a 64 (47.4)b 219 (58.1)

No. (%) of patients with embryo(s) for transfer 33 (64.7)c 19 (90.5)d 52 (72.2)

*Blastocyst rate, out of zygotes (2 pronuclei).
**Abnormal embryos include aneuploidy, chromosome deletions and duplications.
abP,0.01 within the same row.
cdP,0.05.
doi:10.1371/journal.pone.0061838.t001

Figure 3. PGS charts of human embryo samples analyzed by NimbleGen microarray platform. (A) normal male (46, XY), (B) normal female
(46, XX), (C) single (45, XY, –14) chromosome loss, (D) multiple (46, XX, +5, –13) chromosome errors, (E) euploid cells with partial chromosome
duplication (46, XY, dup 1p), and (F) euploid cells with partial chromosome deletion (46, XX, del 10p). Arrows indicate chromosome errors.
doi:10.1371/journal.pone.0061838.g003
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(3.2%) were euploid but had partial duplications in some

chromosome(s) and 2 (0.9%) were euploid but had both partial

chromosome duplications and deletions. Partial chromosomal

duplications and deletions were also observed in the aneuploid

embryos and the data was included in the multiple chromosome

error group.

When we further analyzed the detailed chromosomal errors in

abnormal embryos, as shown in Figure 4B (single chromosome

error) and 4C (multiple chromosome error), chromosome abnor-

malities occurred in all of the 23 pairs of chromosomes, but it

would appear that the errors occurred more frequently in

chromosomes 15, 16, 18, 19, 20, 21 and 22.

Transfer of normal euploid blastocysts resulted in high
pregnancy and implantation rates

In the present study, we found that only 64.7% of patients with

advanced maternal age had at least one normal transferrable

embryo as compared with 90.5% of patients with recurrent

miscarriage (Table 1). Twenty patients did not have any euploid

embryo for transfer although they had 1–12 blastocysts in each

cycle with a total of 69.1% blastocyst formation rate. Out of these

20 patients, most (18) were of advanced maternal ages (Table 2).

These results demonstrate that advanced age is a major factor in

the formation of aneuploid human embryos.

As of now, 34 FETs from 31 patients have been performed,

resulting in a 58.8% clinical pregnancy rate and a 54.4% embryo

implantation rate. The detailed information, such as patients’ age,

number of zygotes, blastocyst formation, chromosomal status and

Figure 4. Microarray results of abnormal chromosomes in human blastocysts. (A) abnormal chromosome distribution in the samples
examined in the study. Data was based on 219 abnormal samples. Numbers of samples are included in the parenthesis. (B) distribution of a single
chromosome error in the abnormal embryos. Data was based on 94 samples. (C) distribution of multiple chromosome errors in the abnormal
embryos. Data was based on 197 abnormal chromosomes from 90 samples (11 samples had complex chromosomal abnormalities and were not
included in the analysis).
doi:10.1371/journal.pone.0061838.g004
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embryo quality, is shown in Table 3. Most patients had transfer(s)

with good quality embryos in the present study.

Although we obtained a high embryo implantation rate (54.4%),

some good embryos still did not implant after transfer. When we

investigated the possible reasons for 14 unsuccessful cases, we

found that 2 patients had very difficult embryo transfers (transfer

took more than 10 min), 3 patients (4 cycles) had fair quality of

embryos and others (8) failed due to unknown reasons. When we

compared the pregnancy and embryo implantation in women with

advanced maternal age and recurrent miscarriage, as shown in

Table 4, no differences were observed between the two groups

although recurrent miscarriage group had higher rates than

advanced maternal age group.

Accurate aneuploidy assessment with oligo microarray
When 10 aneuploid blastocysts were further analyzed by FISH

for the known abnormal chromosomes, all samples had matching

results between microarray and FISH (Figure 5).

Discussion

In the present study, we used a NimbleGen microarray platform

that has 630K probes to perform human PGS in patients

undergoing IVF. Our results, for the first time, indicate that this

NimbleGen oligo platform can be used for PGS in human

embryos. The advantages of NimbleGen oligo microarray are its

ultra-high density and long oligo probes that enable the highest

resolution and most comprehensive array CGH platform for

whole genome analysis [20], [22], [23], [26], [28]. Previously, it

was found that NimbleGen oligo microarray platform had the best

performance after evaluation of the dosage sensitivity, precision,

specificity, sensitivity and CNV border definition when comparing

different array platforms including BlueGnome BAC platform

[20–23]. In the present study, we found that this oligo microarray

platform can detect segments as small as 1.3 mb, which is more

sensitive than the BAC array platform.

DNA microarray is an accurate and reproducible technology for

chromosome analysis [12], [16], [18], [31], [32] although different

microarray platforms have different features [12], [20–23], [27].

In human IVF-PGS services, it has been found that this

technology is much more accurate than traditional FISH

technology [18], [33], [34], in which the numbers of chromosomes

to be analyzed are limited to about five to twelve [5], [35], [36].

For FISH, not only are the numbers of chromosome probes

limited, but the probes to cover genomic regions are limited as

well. Thus some samples may not be analyzed correctly. Both of

these limitations are thought to be significant reasons that previous

studies have not shown improved clinical outcomes following

transfer of embryos analyzed by FISH [8], [37], [38]. However,

with DNA microarray, approximately a few thousands or even a

few millions of genomic regions in all chromosomes are able to be

measured, thus the error(s) in diagnosis is significantly reduced

[12], [16], [18], [31], [32].

In the present clinical investigation, we found that many

chromosome abnormalities, such as gains and/or losses of

chromosomes, partial chromosome deletions and duplications

can be detected by the oligo microarray platform, which revealed

that 58.1% of human blastocysts produced by IVF were abnormal.

We also found that 24 euploid blastocysts had chromosome

deletions (15), duplications (7) or both (2). These results indicate

Table 2. Detailed information of human blastocysts analyzed by oligo microarray in the patients without euploid blastocyst.

Case Age Patients
No. of fertilized
eggs

No. of blastocysts
biopsied*

No. of normal
blastocysts

No. of abnormal
blastocysts

1 40 Advanced maternal age 3 2 0 2

2 42 Advanced maternal age 6 3 0 3

3 34 Recurrent miscarriage 2 2 0 2

4 42 Advanced maternal age 2 1 0 1

5 42 Advanced maternal age 5 1 0 1

6 41 Advanced maternal age 2 2 0 2

7 42 Advanced maternal age 4 3 0 3

8 42 Advanced maternal age 8 7 0 7

9 42 Advanced maternal age 5 3 0 3

10 42 Advanced maternal age 1 1 0 1

11 41 Advanced maternal age 7 2 0 2

12 40 Advanced maternal age 4 4 0 4

13 42 Advanced maternal age 5 4 0 4

14 35 Recurrent miscarriage 12 8 0 8

15 40 Advanced maternal age 5 5 0 5

16 39 Advanced maternal age 3 3 0 3

17 40 Advanced maternal age 10 6 0 6

18 43 Advanced maternal age 7 2 0 2

19 41 Advanced maternal age 12 11 0 11

20 37 Advanced maternal age 7 6 0 6

Total 110 76 0 76

*All blastocysts at day 5 and day 6 were biopsied.
doi:10.1371/journal.pone.0061838.t002
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that the oligo microarray platform used in the present study is able

to detect not only aneuploidy, but also minor chromosomal

abnormalities in the euploid embryos. Although we do not know if

transfer of these embryos with minor chromosomal abnormalities

would result in birth defects or later disease, it is known that some

genetic diseases are indeed caused by partial chromosome

duplications or deletions, such as Charcot-Marie-Tooth disease

(17p), Canavan disease (17p), Wolf-Hirschhorm Syndrome (4p)

and Jackson syndrome (11q) [39].

It has been found that CNVs contribute to inherited genetic

disease and to confer resistance to infection, but the full extent of

CNVs in the human population and the role of CNVs in some

complex diseases, such as diabetes, cardiovascular disease and

psychiatric disorders, are not yet understood. It may be possible to

use more recent advances in microarray technology to develop

more powerful diagnostic tools to study the relationship between

minor chromosomal abnormalities in each chromosome and

diseases.

Although aneuploidy is the major cause of embryo implantation

failure and birth defects [1], some birth defects may be caused by

CNVs in the chromosomes [39]. Some array platforms, such as

BAC platform, may not be able to detect small CNVs due to fewer

Table 4. Clinical outcome of patients who had PGS by microarray and embryo transfer.

Observations Advanced maternal age Recurrent miscarriage

No. of cycles 22 12

No. of embryos transfer 27 20

No. (%) of clinical pregnancy * 11 (50) 9 (75.0)

No. (%) of embryos implanted ** 13 (48.2) 12 (60.0)

*Clinical pregnancy rate, out of transfer cycles.
**Embryo implantation rate, out of the embryos transferred.
doi:10.1371/journal.pone.0061838.t004

Figure 5. PGS charts and FISH images in aneuploid blastocysts. (A and A’) PGS chart and FISH image of an embryo with 46, XX, +21; Three
green staining dots in A’ indicate the presence of three chromosome 21 in the sample and the arrow in A indicates one extra chromosome 21. (B and
B’) PGS chart and FISH image of an embryo with 45, XX, –13; One red staining dot in B’ indicates the presence of only one chromosome 13 in the
sample and the arrow in B indicates that one chromosome 13 is missing. (C and C’) PGS chart and FISH image of an embryo with 47, XY, +15. Three
yellow staining dots in C’ indicate the presence of three chromosome 15 in the sample and the arrow in C indicates one extra chromosome 15.
doi:10.1371/journal.pone.0061838.g005
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probes being used. Theoretically, the more probes are used in an

array platform, the more abnormalities can be detected, which

makes the NimbleGen platform more powerful. However, the

clinical significance of most of these small deletions and

duplications is still unknown. Further studies remain necessary to

address these questions.

High pregnancy and implantation rates have been reported in

humans after transfer of frozen/thawed [13], [14] or fresh [11]

blastocysts screened by microarray in women with advanced

maternal age [13], [14] or younger patients undergoing IVF [11].

Live births have also been reported in humans after PGS of

structural chromosome abnormalities [40], [41] and reciprocal

and Robertsonian translocations [42] in which DNA microarray

was used. With the widespread clinical applications of DNA

microarray in human PGS, more genetic errors in preimplantation

embryos would be identified before the embryo transfer, thus the

birth defect and/or genetic abnormalities caused by small errors in

the chromosomes could be reduced significantly in the future.

In the present study, our results also indicate that PGS by

microarray is especially beneficial to patients with advanced

maternal ages and recurrent miscarriages as aneuploidy is the

major cause of unsuccessful embryo implantation in these patients

[1], [2], [6], [7], [9], [42]. In the present study, the aneuploidy rate

was very high in patients with advance maternal age. About 35.3%

of patients did not have normal embryos for transfer. Like our

study, others have shown that high pregnancy and implantation

rates, similar to that of younger patients, can be obtained if the

patients had normal euploid embryo transfer [11], [13], [14].

Recently, it has been reported that high proportions of

aneuploidy were also present in younger IVF patients [10], [11].

Yang et al. [11] obtained higher clinical pregnancy rate in younger

women when microarray was used to screen aneuploid embryos

than in the patients without using PGS for aneuploidy screening.

There is little doubt that aneuploidy is also one of the major

reasons for implantation failures in younger patients undergoing

IVF as embryo implantation rates are still low (less than 50%).

Hence, microarray aneuploidy screening could potentially be

beneficial to all patients undergoing IVF. In the present study, we

found that a high aneuploidy rate (47.4%) was also present in

young patients with a history of previous miscarriage. Transfer of

screened blastocysts in these patients also produced very high

pregnancy and implantation rates, suggesting that aneuploidy is a

significant cause of failed embryo implantation in this group of

patients.

The reasons for increased embryonic aneuploid formation in

women with advanced maternal age are not fully understood.

Many factors contribute to aging related oocyte defects. The

general aging process is the major cause [1], [2], [9], [43] but

some other external conditions may also contribute to the

chromosome instability within oocytes, such as dietary or genetic

strategies [44], pollution, metabolic or hormonal problems [45], or

medications [45], [46], which in turn cause aneuploidy formation.

Procedures for ovarian hyperstimulation and IVF/embryo

manipulation may be additional causes for embryonic aneuploid

formation in humans [47].

In the present study, when we analyzed the possible reasons for

failed embryo implantation in the patients who had normal

euploid blastocyst transfer, we found that some embryo implan-

tation failures may have been caused by embryo transfer

difficulties and/or fair quality of embryos. However, some other

unknown reasons may exist for implantation failure. It would be

possible that embryo development beyond blastocyst stage was

arrested or uterine-embryo communication was affected due to

embryo quality and/or the uterine environment. Further studies

are necessary to investigate these reasons so that embryo

implantation can be further increased after these problems are

solved.

Blastocyst vitrification has become one of the most valuable and

important laboratory technologies. When PGS with microarray is

performed, especially when microarray is not performed on site,

cryopreservation of blastocysts is required for later FET. Previous

studies [13], [14] and our current study showed high blastocyst

survival rates after vitrification and warming (close to 100%),

which contributed to high pregnancy and implantation rates

observed in these studies. It is possible that the combination of

multiple cell biopsy from blastocysts, all-chromosome microarray,

blastocyst vitrification and FET may become a common

procedure for IVF-PGS in the future.

Conclusions

The present results indicate that high proportions of aneuploidy

are present in human blastocysts produced by IVF in patients with

advanced maternal age and/or recurrent miscarriage. The

aneuploidy rate is especially high in the women with advanced

maternal age. Oligo DNA microarray can be used to detect most

of these chromosome errors, such as aneuploidy, partial chromo-

some deletions and/or duplications from cells biopsied from

blastocysts. Transfer of microarray screened blastocysts can

significantly increase clinical pregnancy and embryo implantation

rates. After considering the accuracy and the number of genomic

probes in the microarray platforms, we expect that oligo

microarray platforms with more probes will become one of the

most commonly used array platforms in human PGS in the future

and its clinical applications will benefit more patients undergoing

IVF.

Author Contributions

Conceived and designed the experiments: CTW WW. Performed the

experiments: CTW WW L. Liu ML. Analyzed the data: L. Liang XS WW.

Contributed reagents/materials/analysis tools: L. Liang CTW WW. Wrote

the paper: L. Liang WW CW XS. Patient management: CW DW J.

Griffith JS GH J. Gill.

References

1. Hassold T, Hunt P (2001) To err(meiotically) is human: the genesis of human

aneuploidy. Nat Rev Genet 2: 280–291.

2. Jones KT (2008) Meiosis in oocytes: predisposition to aneuploidy and its

increased incidence with age. Hum Reprod Update 14: 143–158.

3. Voullaire L, Wilton L, McBain J, Callaghan T, Williamson R (2002)

Chromosome abnormalities identified by comparative genomic hybridization

in embryos from women with repeated implantation failure. Mol Hum Reprod

8: 1035–1041.

4. Rubio C, Simon C, Vidal F, Rodrigo L, Pehlivan T, et al. (2003) Chromosomal

abnormalities and embryo development in recurrent miscarriage couples. Hum

Reprod 18: 182–188.

5. Munne S, Sandalinas M, Magli C, Gianaroli L, Cohen J, et al. (2004) Increased

rate of aneuploid embryos in young women with previous aneuploid

conceptions. Prenat Diagn 24: 638–643.

6. Munne S, Sandalinas M, Escudero T, Marquez C, Cohen J (2002) Chromosome

mosaicism in cleavage stage human embryos: evidence of a maternal age effect.

Reprod Biomed Online 4: 223–232.

7. Platteau P, Staessen C, Michiels A, Van Steirteghem A, Liebaers I, et al. (2005)

Preimplantation genetic diagnosis for aneuploidy screening in women older than

37 years. Fertil Steril 84: 319–324.

8. Hardarson T, Hanson C, Lundin K, Hillensjo T, Nilson L, et al. (2008)

Preimplantation genetic screening in women of advanced maternal age caused a

Microarray Analysis of Human Embryos

PLOS ONE | www.plosone.org 10 April 2013 | Volume 8 | Issue 4 | e61838



decrease in clinical pregnancy rate: a randomized controlled trial. Hum Reprod

23: 2806–2812.
9. Chiang T, Schultz RM, Lampson MA (2012) Meiotic origins of maternal age-

related aneuploidy. Biol Reprod 86: 1–7.

10. Baart EB, Martini E, van den Berg I, Macklon NS, Galjaard RJ, et al. (2006)
Preimplantation genetic screening reveals a high incidence of aneuploidy and

mosaicism in embryos from young women undergoing IVF. Hum Reprod 21:
223–233.

11. Yang Z, Liu J, Collins J, Salem SA, Liu X, et al. (2012) Selection of single

blastocysts for fresh transfer via standard morphology assessment alone and with
array CGH for good prognosis IVF patients: results from a randomized pilot

study. Mol Cytogenetics 5: 24–29.
12. Vanneste E, Bittman L, Van der Aa N, Voet T, Vermeesch JR (2012) New array

approaches to explore single cell genomes. Front Gene 3: 44–48.
13. Schoolcraft W, Treff N, Ferry K, Stevens J, Katz-Jaffe M, et al. (2010) First

clinical application of SNP microarray based 24 chromosome aneuploidy

screening of human blastocysts. Fertil Steril 94: S23–S24.
14. Liu J, Wang W, Sun X, Liu L, Jin H. et al. (2012) DNA microarray reveals that

high proportions of human blastocysts from women of advanced maternal age
are aneuploidy and mosaic. Biol Reprod 87: 1–9.

15. Gutierrez-Mateo C, Benet J, Wells D, Colls P, Bermudez MG, et al. (2004)

Aneuploid study of human oocytes first polar body comparative genomic
hybridization and metaphase II fluorescence in situ hybridization analysis. Hum

Reprod 19: 2859–2868.
16. Geraedts J, Montag M, Magli MC, Repping S, Handyside A, et al. (2011) Polar

body array CGH for prediction of the status of the corresponding oocyte. Part I:
Clinical results. Hum Reprod 26: 3173–3180.

17. Northrop LE, Treff NR, Levy B, Scott Jr RT (2010) SNP microarray-based 24

chromosome aneuploidy screening demonstrates that cleavage-stage FISH
poorly predicts aneuploidy in embryos that develop to morphologically normal

blastocysts. Mol Hum Reprod 16:590–600.
18. Treff NR, Su J, Tao X, Levy B, Scott RT Jr (2010) Accurate single cell 24

chromosome aneuploidy screening using whole genome amplification and single

nucleotide polymorphism microarrays. Fertil Steril 94: 2017–2021.
19. Scott RT, Ferry K, Su J, Tao X, Scott K (2012) Comprehensive chromosome

screening in highly predictive of the reproductive potential of human embryos: a
prospective, blinded, nonselection study. Fertil Steril 97: 870–875.

20. Hehir-Kwa JY, Egmont-Petersen M, Janssen IM, Smeeth D, Geurts van Kessel
A, et al. (2007) Genome-wide copy number profiling on high-density bacterial

artificial chromosomes, single-nucleotide polymorphisms, and oligonucleotide

microarrays: A platform comparison based on statistical power analysis. DNA
Res 14: 1–11.

21. Asan, Xu Y, Jiang H, Tyler-Smith C, Xue Y, et al. (2011) Comprehensive
comparison of three commercial human whole-exome capture platforms.

Genome Biol 12:R95.

22. Clark MJ, Chen R, Lam HY, Karczewski KJ, Chen R, et al. (2011) Performance
comparison of exome DNA sequencing technologies. Nat Biotechnol 29: 908–

914.
23. Harper-Stromberg E, Frelin L, Ruczinski I, Scharpt R, Jie C, et al. (2011)

Performance assessment of copy number microarray platforms using a spark-in
experiment. Bioinformatics 27: 1052–1060.

24. Hellani A, Abu-Amero K, Azouri J, El-Akoum S (2008) Successful pregnancies

after application of array-comparative genomic hybridization in PGS-aneuploi-
dy screening. Reprod Biomed Online 17: 841–847.

25. Chang H, Jackson DG, Kayne PS, Ross-Macdonald PB, Ryseck RP, et al. (2011)
Exome sequencing reveals comprehensive genomic alterations across eight

cancer cell lines. PLoS One 6: e21097.

26. Liu P, Erez A, Nagamani SC, Dhar SU, Kołodziejska KE, et al. (2011)
Chromosome catastrophes involve replication mechanisms generating complex

genomic rearrangements. Cell 146: 889–903.
27. Li X, Quigg RJ, Zhou J, Gu W, Nagesh RP, et al. (2008) Clinical utility of

microarrays: current status, existing challenge and future outlook. Current

Genomics 9: 466–474.

28. Geigl JB, Obenauf AC, Waldispuehl-Geigl J, Hoffmann EM, Auer M, et al.

(2009) Identification of small gains and losses in single cells after whole genome

amplification on tiling oligo arrays. Nucleic Acids Res 37: e105.

29. Mukaida T, Oka C, Goto T, Takahashi K (2006) Artificial shrinkage of

blastocoeles using either a micro-needle or a laser pulse prior to the cooling steps

of vitrification improves survival rate and pregnancy outcome of vitrified human

blastocysts. Hum Reprod 21: 3246–3252.

30. Racowsky C, Vernon M, Mayer J, Ball GD, Behr B, et al. (2010)

Standardization of grading embryo morphology. J Assist Reprod Genet 27:

437–439.

31. Fiegler H, Redon R, Andrews D, Scott C, Andrews R, et al. (2006) Accurate and

reliable high-throughput detection of copy number variation in the human

genome. Genome Res 16: 1566–1574.

32. Harper JC, Harton G (2010) The use of arrays in preimplantation genetic

diagnosis and screening. Fertil Steril 94: 1173–1177.
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