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There is a theory which states that if ever anyone discovers exactly what the Universe is
for and why it is here, it will instantly disappear and be replaced by something even more
bizarre and inexplicable.
There is another which states that this has already happened.

Douglas Adams, from “The restaurant at the end of the universe”.
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Chapter 1

General introduction

Introduction
+XPDQUHSURGXFWLRQLVDUHODWLYHO\LQHIÀFLHQWSURFHVV 1RUZLW] 7KHFKDQFHRIDFKLHYLQJ
a spontaneous pregnancy after timed intercourse is at the most 20-30% (Evers, 2002; Taylor,
  VLJQLÀFDQWO\ ORZHU WKDQ a LQ WKH UKHVXV PRQNH\ *KRVK    LQ FDSWLYH
baboons (Stevens et al., 1997) and 90% in rodents and rabbits (Foote et al., 1988). Moreover, up to
30% of early human embryos is lost after recognized implantation (Wilcox, 1988), largely due to
chromosomal abnormalities (Vorsanova et al., 2005; Boué et al., 1975). With regard to the etiology
of chromosomal abnormalities in humans, increasing maternal age remains the only factor
irrefutably associated with increased aneuploidy rates (Hassold and Hunt, 2001).
Subfertility is the failure to conceive after one year of unprotected regular sexual intercourse.
The longer a couple has to try to conceive, the smaller the chance of spontaneous conception. If
the duration of subfertility is less than three years, a couple is 1.7 times more likely to conceive
than couples who have been trying for longer (Collins et al., 1995). Major causes of subfertility
can be grouped as ovulation disorders, male factors, tubal damage, endometrioses or it can be
XQH[SODLQHG $Q LPSRUWDQW IDFWRU QHJDWLYHO\ LQÁXHQFLQJ IHUWLOLW\ LV IHPDOH DJH 'XH WR VRFLDO
changes more couples are delaying the start of their family, leading to a reduction in their
likelihood of conception.
Worldwide, the use of assisted reproductive technology (ART) as a treatment for subfertility
is increasing (Andersen et al., 2005; Wright et al., 2005). In Europe, this technology accounts for
2 to 3% of all births (Andersen et al., 2005). Among reproductive techniques, in vitro fertilization
,9)  LV DQ LPSRUWDQW WUHDWPHQW VWUDWHJ\ IRU VXEIHUWLOLW\ 6KRUWO\ DIWHU WKH ÀUVW SUHJQDQF\
following in vitro fertilization (IVF) was reported in a spontaneous cycle (Steptoe and Edwards,
1978), evidence accumulated that overall chances of pregnancy increased if more than one embryo
was transferred. Since then, ovarian (hyper)stimulation protocols have been developed, aiming at
obtaining multiple growing follicles, and thus more oocytes for fertilization (Fauser et al., 2005;
Macklon et al., 2006). Although transfer of multiple embryos results in higher pregnancy rates, it
also results in a high rate of multiple gestation. The multiple pregnancy rate in relation to IVF is
26% in Europe and 35% in the United States (Andersen et al., 2005; ASRM, 2004) as compared to
1.1% after spontaneous conception (Crowther, 2002). Multiple gestations are increasingly viewed
as a complication of fertility treatments, as they are associated with adverse outcomes, such as
serious perinatal morbidity and mortality and long term disabilities (Ombelet et al., 2005). This
UHVXOWHGLQDFDOOIRUDUHFRQVLGHUDWLRQRIWKHGHÀQLWLRQRI´VXFFHVVµLQ$57WRIRFXVRQVLQJOHWRQ
livebirth delivery (Fauser et al., 2005).
By limiting the number of embryos transferred to the uterus to only a single embryo, the risk
for multiple gestations can be reduced (Barlow et al., 2005; Gerris, 2005). However, acceptance of
this strategy is slow, for it is associated with a lower pregnancy rate per cycle (Pandian et al., 2005;
Gleicher and Barad, 2006). While embryos rated as high quality by standardized morphological
assessment are associated with higher implantation and pregnancy rates, it is still not possible
to predict with certainty which embryo will implant and has the highest potential to develop
into a healthy child. An increasing body of evidence suggests that the incidence of chromosomal
DEQRUPDOLWLHVLQKXPDQHPEU\RVLVH[WUHPHO\KLJKDQGWKLVPD\EHWKHFDXVHIRUWKHLQHIÀFLHQF\
of human reproduction, both in vivo and in vitro (as reviewed by Macklon et al., 2002; Wilton,
2002). Embryo morphology on day 3 after fertilization is not indicative of a normal chromosomal
constitution (Magli et al., 2000; Munné, 2006). Therefore, current criteria for the in vitro selection
RIHPEU\RVIRUWUDQVIHUDUHLQVXIÀFLHQW
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In order to improve the effectiveness of single embryo transfer, the ability to select the embryo
with the highest potential to develop into a healthy child is of vital importance. This ability
requires more insight into chromosomal competence of embryos, as this may be a crucial factor
for embryo development.

Aneuploidy in human oocytes
Mechanisms of aneuploidy formation in human oocytes
Improper chromosome segregation during meiosis leads to genetically unbalanced oocytes
or sperm. If these gametes participate in fertilization, the resulting embryo will be aneuploid,
with either one or more chromosomes too many (trisomy) or too few (monosomy). In humans,
DQHXSORLG\FDQEHLGHQWLÀHGLQDWOHDVWRIDOOFOLQLFDOO\UHFRJQL]HGSUHJQDQFLHVPDNLQJLWWKH
OHDGLQJNQRZQFDXVHRIIHWDOZDVWDJH2YHUWKHSDVWÀIWHHQ\HDUVPRUHWKDQWULVRPLFRU
monosomic conceptions have been studied to determine the parental origin and meiotic stage
RIWKHHUURU +DVVROGDQG+XQW $OWKRXJKWKHUHDUHFKURPRVRPHVSHFLÀFGLIIHUHQFHVLQ
incidences, most human trisomies originate from errors in maternal meiosis I, i.e. in the oocytes.
7KLVPD\QRWEHVXUSULVLQJDVWKHÀUVWVWDJHRIIHPDOHPHLRVLVLVLQLWLDWHGLQWKHIHWDORYDU\DQG
is then followed by a protracted arrest phase. This phase lasts at least 10-15 years, until the time
RIRYXODWLRQDQGUHVXPSWLRQRIWKHÀUVWPHLRWLFGLYLVLRQ,QFRQWUDVWVSHUPDWRJHQHVLVLVLQLWLDWHG
at puberty and is an ongoing process that requires approximately two months from beginning to
end and continues throughout the male’s lifetime. Although male meiosis and spermatogenesis
UHSUHVHQWDQLQWHUHVWLQJÀHOGRIVWXG\RQWRLWVRZQWKHIRFXVRIWKLVWKHVLVZLOOEHRQRRJHQHVLV
and early embryogenesis.
As mentioned before, female meiosis is initiated in the fetal ovary. During the premeiotic
interphase, DNA synthesis is completed and pairing of homologous chromosomes is initiated.
After an extended arrest phase, meiosis is resumed shortly before ovulation and the oocyte
XQGHUJRHVWKHWZRPHLRWLFGLYLVLRQV )LJXUH 'XULQJWKHÀUVWPHLRWLFGLYLVLRQVHJUHJDWLRQRI
the homologous chromosomes takes place. Errors that may occur at this stage include failure of the
homologues to segregate to opposite poles of the spindle (whole chromosome non-disjunction),
or loss of one homologue because of lagging behind at anaphase (anaphase lagging). The second
meiotic division is completed shortly after fertilization and now the sister-chromatids divide and
each migrates to an opposite spindle pole. Non-disjunction and anaphase lagging may occur at
this division as well. Errors can also occur because homologues or sister chromatids separate
prematurely (Angell, 1997). If this happens, proper chromosome apposition to the spindle poles is
disturbed, possibly resulting in both chromosomes or chromatids migrating to the same pole.
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Figure 1.1. Schematic representation of normal female meiosis and abnormalities resulting from meiosis I (MI) and meisosis II
(MII) non-disjunction. PB = polar body.
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Cytogenetic analysis of human oocytes
Cytogenetic analysis of human oocytes can be considered as a highly valuable source of
information, because it enables a direct insight into female meiosis, without the bias of viability
present in studies of pregnancy losses and live borns. The advent of in vitro fertilization gave
access to oocytes that had remained unfertilized for cytogenetic studies. Since then, more then
50 cytogenetic surveys on human oocytes have been carried out, almost all on one or two day
old, unfertilized oocytes. Early studies mainly used a spreading protocol using methanol and
acetic acid (Tarkowski, 1966), followed by a homogeneous Giemsa staining in order to enable
karyotyping. However, due to the compact morphology of metaphase II chromosomes, they can
at the most be attributed to one of seven groups, A to G (Recommendations of the ISCN Standing
Commitee, London Conference, 1963). Another limitation of this spreading technique is that it
can easily lead to overspreading of chromosomes, resulting in artefactual loss. Alternatively,
chromosomes may not be separated enough, making it impossible to distinguish individual
chromosomes. Collected data from different studies using this method showed the incidence of
chromosomal abnormalities in a group of 2,434 oocytes to be highly variable (8-54%) between
studies (as reviewed by Plachot, 2001; Pellestor et al., 2006).
More recently, studies were performed on human oocytes using a gradual methanol/acetic
DFLGÀ[DWLRQLQFRPELQDWLRQZLWKDQ5EDQGLQJSURWRFROGHYHORSHGE\0LNDPRDQG.DPLJXFKL
(1983). These show more consistent results regarding aneuploidy (8-33%) and a more balanced
ratio between hypohaploidy and hyperhaploidy (as reviewed by Pellestor et al., 2006). One large
study on 1,396 unfertilized oocytes showed an aneuploidy rate of 10,8% (Pellestor et al., 2002).
They were able to make a distinction between whole chromosome non-disjunction (4%) and
VLQJOHVLVWHUFKURPDWLGQRQGLVMXQFWLRQ  $OVRDVLJQLÀFDQWH[FHVVRIQRQGLVMXQFWLRQLQWKH
E and G group chromosomes was described, whereas groups A and B displayed a lower frequency
WKDQ H[SHFWHG )XUWKHUPRUH IRU WKH ÀUVW WLPH D VLJQLÀFDQW FRUUHODWLRQ EHWZHHQ PDWHUQDO DJH
and the aneuploidy rate in resulting oocytes from IVF could be directly established (Pellestor et
al. 7KXVF\WRJHQHWLFVWXGLHVLQRRF\WHVFRQÀUPREVHUYDWLRQVLQOLYHERUQVDQGSUHJQDQF\
ORVVHV DQHXSORLG\ DULVHV LQ DQ DJH GHSHQGHQW PDQQHU DQG WKHUH DUH FKURPRVRPH VSHFLÀF
differences in incidences.

Origin of aneuploidy formation during oogenesis
The causes underlying aneuploidy formation are still poorly understood. However, recent
observations suggest that inaccuracies of the chromosome segregation machinery in oocytes
DUH RIWHQ LQYROYHG D SURFHVV LQÁXHQFHG E\ PDWHUQDO DJH +DVVROG DQG +XQW  &KDPSLRQ
and Hawley, 2002). During the meiotic prophase, recombination of homologous chromosomes
UHVXOWVLQDVKXIÁLQJRIJHQHWLFPDWHULDOLPSRUWDQWIRUJHQHWLFYDULDWLRQ,WDOVRUHVXOWVLQSK\VLFDO
exchanges supported by proteins, serving to lock the homologues together in proper alignment
XQWLOWKHÀUVWPHLRWLFGLYLVLRQ 3HWURQF]NLet al., 2003). In 1968, it was suggested that declining levels
RIUHFRPELQDWLRQZHUHDVVRFLDWHGZLWKWKHPDWHUQDODJHHIIHFWRQDQHXSORLG\SURYLGLQJWKHÀUVW
link between recombination and human non-disjunction (Henderson and Edwards, 1968). At the
time, however, it was not possible to investigate this hypothesis. Recently, techniques have become
available to enable the reconstruction of the recombination events occurring in meiosis that lead
to aneuploidy. By now, several laboratories have studied the relationship between recombination
and human nondisjunction, comparing exchange frequency and distribution in meiotic divisions
14
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OHDGLQJ WR DQHXSORLG\ ZLWK WKRVH IURP FKURPRVRPDOO\ QRUPDO PHLRVHV 6LJQLÀFDQW UHGXFWLRQV
in recombination rates have been observed for all maternal meiosis I derived trisomies studied
WR GDWH VXFK DV WULVRP\     DQG ;;< .OLQHIHOWHU V\QGURPH  +DVVROG et al., 1991,
1995; Lamb et al., 1996, 1997; Robinson et al., 1998, Thomas et al., 2001). Also, altered placement of
PHLRWLFUHFRPELQDWLRQHYHQWVKDVEHHQLGHQWLÀHGWREHLQYROYHGLQPDWHUQDOO\GHULYHGWULVRP\
(Lamb et al., 2005). In a large scale study, the effect of maternal age on recombination frequency
was assessed and it demonstrated that not the frequency of recombination, but placement of the
recombination site was changed in trisomy 21 in older women. A hypothesis was formed that
QRQGLVMXQFWLRQPD\UHTXLUHWZR´KLWVµ /DPEet al. 7KHÀUVWKLWLVFRQVWLWXWHGE\FURVVRYHU
formation between the homologues during fetal development, resulting in more or less error
SURQHFURVVRYHUFRQÀJXUDWLRQV7KHVHFRQGKLWWKHQRFFXUVPDQ\\HDUVODWHUDURXQGWKHWLPHRI
ovulation as resumption of meiosis takes place. Because of age related perturbations in spindle
DQG FKHFNSRLQW IXQFWLRQ KRPRORJXHV ZLWK PRUH VXVFHSWLEOH FURVVRYHU FRQÀJXUDWLRQV DUH OHVV
likely to segregate correctly, thus resulting in aneuploidy (Lamb and Hassold, 2004).
Proper attachment of chromosomes to the opposing spindle poles and subsequent biorientation
is an essential requirement for normal chromosome segregation. It is suggested that cells are
capable of monitoring the attachment of microtubules from the spindle to specialized structures
on the chromosomes called kinetochores (Cleveland et al., 2003). This surveillance mechanism
is known as the spindle assembly checkpoint or SAC (Hoyt et al., 1991; Li and Murray, 1991).
The SAC detects defects in chromosome alignment and subsequently delays anaphase initiation
until bipolar spindle attachment is achieved and each kinetochore is attached to the spindle
(Wassmann and Benezra, 2001; Yu, 2002; Cleveland et al., 2003). The wait signals produced once
the checkpoint is activated are likely coming from unattached kinetochores (Rieder et al., 1995).
6HYHUDOKXPDQJHQHVKDYHEHHQLGHQWLÀHGDVFRPSRQHQWVLQWKHFKHFNSRLQWUHJXODWRU\SDWKZD\
LQFOXGLQJ PLWRWLF DUUHVW GHÀFLHQW 0$'  DQG EXGGLQJ XQLQKLELWHG E\ EHQRP\O %8%  HDFK
encoding kinetochore-associated proteins (Li and Benezra, 1996; Ouyang et al., 1998). In particular,
MAD1, MAD2, BUB1, BUBR1 and BUB3 concentrate transiently at unattached kinetochores prior
to metaphase, but disappear upon proper chromosome alignment (as reviewed by Nasmyth,
2005; Steuerwald, 2005).
Studies in mouse oocytes suggested that although the spindle assembly portion of the
checkpoint mechanism is functional, the chromosome monitoring aspect is either ineffective or
absent during mammalian female meiosis, thus explaining the high incidence of chromosome
segregation errors (LeMaire-Adkins et al., 1997; Woods et al., 1999). However, recently localization
of BUB1 to the kinetochores was observed in mouse oocytes (Brunet et al., 2003) and the expression
of MAD2 protein was demonstrated (Wassmann et al., 2003). It was further demonstrated that
mouse oocytes respond to spindle damage by a transient and reversible cell cycle arrest, consistent
with checkpoint activity (Wassmann et al., 2003). It appears that a cell cycle checkpoint is indeed
active, but it does not always function properly. Steuerwald et al. (2001) hypothesized that aging in
oocytes results in a breakdown in the cell cycle checkpoint signaling pathway. They investigated
levels of expression of MAD2 and BUB1 during human oocyte maturation and found a decrease in
levels of these transcripts in oocytes with increasing maternal age, but also after post-ovulatory
aging of oocytes (Steuerwald et al., 2001, 2005). This may indicate that a cell cycle checkpoint
monitoring proper chromosome segregation is active in human oocytes, but its function may be
compromised.
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Aneuploidy and chromosomal mosaicism in early embryogenesis
If an aneuploid oocyte is fertilized, this may result in an embryo with constitutional aneuploidy.
$QDO\VLV RI VLQJOH FHOOV IURP GD\  FOHDYDJH VWDJH HPEU\RV XVLQJ LQWHUSKDVH ÁXRUHVFHQW in situ
hybridization (FISH; see below), have yielded large datasets on the incidence of chromosomal
abnormalities in embryos and abnormality rates of up to 73% have been reported (Munné et al.,
2003; Pehlivan et al., 2003; Gianaroli et al., 2003; Staessen et al., 2004; ESHRE PGD consortium,
2005; Platteau et al., 2005). Chromosomes most frequently found to be involved in aneuploidy
were chromosomes 15, 16, 21 and 22 (Munné, 2006). This is in concordance with the reported
higher incidence of abnormalities in the E and G group of chromosomes in oocytes. However,
reported abnormality rates in preimplantation embryos after IVF are much higher than the 8-33%
reported in oocytes.
7KH ÀUVW ),6+ VWXGLHV GHWHFWLQJ WKH ; DQG < FKURPRVRPHV LQ SUHLPSODQWDWLRQ HPEU\RV
indicated that human embryos can be mosaic in their chromosome constitution (Delhanty et al.,
1993). Chromosomal mosaicism is caused by mitotic segregation errors, resulting in cell lines
with a different chromosome constitution to be present within one embryo. Studies analyzing
the entire embryo reported a highly variable incidence of chromosomal mosaicism from 2-90%,
depending on developmental stage of the embryo, maternal age, patient subgroup, method of
DQDO\VLVQXPEHURIFKURPRVRPHVDQDO\]HGDQGKRZPRVDLFLVPLVGHÀQHG -DPLHVRQet al., 1994,
Munné et al., 1995; Almeida and Bolton, 1996; Harper and Delhanty, 1996; Delhanty et al. 1997;
Bahçe et al., 1999; Gianaroli et al., 1999; Iwarsson et al., 1999; Harrison et al., 2000; Ruangvutilert
et al., 2000; Voulliare et al., 2000; Wells and Delhanty, 2000; Bielanska et al., 2002; Munné et al.,
2002, Voulliare et al., 2002; Gonzalez-Merino et al., 2003; Coonen et al., 2004; Daphnis et al., 2005).
For the different chromosomes investigated so far, all chromosomes can be involved in mitotic
segregation errors leading to mosaicism.
It appears that the incidence of chromosomal abnormalities and mosaicism in preimplantation
embryos is far greater than reported rates in oocytes, pregnancy losses and liveborns. In the early
embryo, cell cycle control is performed by maternal transcripts present in the ooplasm (Braude
et al., 1988; Lighten et al., 1997). Only after the expression of the embryonic genome, cell cycle
control becomes gradually present from the 8-cell stage onwards (Tesarik et al., 1986; Braude et
al., 1988; Lighten et al., 1997; Wells et al. ,WLVIHDVLEOHWKDWWKH´WZRKLWµK\SRWKHVLVXVHGWR
explain failure in proper chromosome segregation during the meiotic divisions may be extended.
$WKLUGIRXUWKDQGÀIWK´KLWµPD\RFFXUGXULQJWKHÀUVWWKUHHHPEU\RFOHDYDJHGLYLVLRQVDVWKHVH
divisions are under the control of the same defective cell cycle control mechanisms and rely on
the same components of the chromosome segregation machinery. On the basis of this, one would
expect an increase in mosaic embryos with maternal age. However, the few reports available on
WKHHIIHFWRIPDWHUQDODJHRQWKHLQFLGHQFHRIPRVDLFLVPLQ,9)GHULYHGHPEU\RVDUHFRQÁLFWLQJ
(Marquez et al., 2000; Munné et al., 2003).

Preimplantation Genetic Screening
Preimplantation genetic diagnosis (PGD) is an early form of prenatal diagnosis, in which embryos
created in vitroDUHDQDO\]HGIRUZHOOGHÀQHGJHQHWLFGHIHFWV2QO\HPEU\RVIUHHRIWKHGHIHFWVDUH
subsequently replaced into the uterine cavity (Sermon, 2002). The analysis is performed on one
or two blastomeres that have been removed from cleavage stage embryos (Handyside et al., 1989)
)LJXUH   $IWHU WKH ÀUVW SUHJQDQF\ IROORZLQJ 3*' ZDV GHVFULEHG LQ  +DQG\VLGH et al.,
16
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1990), it has been used to diagnose several monogenic diseases using single-cell PCR techniques
for couples at a high risk of having a child with a genetic disease (ESHRE PGD Consortium,
2005).
7KHLQWURGXFWLRQRIÁXRUHVFHQFHLQVLWXK\EULGL]DWLRQ ),6+ RQLQWHUSKDVHQXFOHLDOORZHG
the screening of embryos for chromosomal aneuploidies (Munné et al., 1993), a procedure referred
to as preimplantation genetic diagnosis for aneuploidy screening (PGD-AS) or, as we prefer,
preimplantation genetic screening (PGS) (Thornhill et al., 2005). PGS is applied to patients who
are treated with IVF with the aim of improving their chance for an ongoing pregnancy. Clinically,
PGS is being advocated for older women (Munné et al., 2003; Staessen et al., 2004) and patients
with recurrent miscarriage or repeated implantation failure (Gianaroli et al., 2003; Pehlivan et al.,
2003; Platteau et al., 2005). High rates of aneuploidy have been reported in these women.
Since its introduction, PGS has been increasingly applied over the past decade (ESHRE
PGD Consortium, 2005). However, its clinical value remains uncertain. A positive effect on
implantation and ongoing pregnancy rates in a group of patients with advanced maternal age has
been observed in retrospective studies (Munné et al., 1999; Munné et al., 2003). However, recent
prospective randomized studies failed to show a positive effect of PGS on clinical outcome per
initiated cycle in patients with advanced maternal age (Staessen et al., 2004; Stevens et al., 2004).
Other indications for which PGS has been proposed include recurrent implantation failure and
UHFXUUHQW PLVFDUULDJH $JDLQ FOLQLFDO EHQHÀWV KDYH QRW \HW EHHQ FRQYLQFLQJO\ GHPRQVWUDWHG
(Gianaroli et al., 1999; ESHRE PGD Consortium Steering Committee, 2002; Pehlivan et al., 2003;
Rubio et al., 2003; Platteau et al., 2005). The conclusion from a recent Cochrane systematic review
was that more properly conducted randomized controlled trials are needed to determine if PGS
is an effective intervention in IVF for improving live birth rates (Twisk et al., 2006).
6WXGLHVWHVWLQJWKHHIÀFLHQF\RI3*6KDYHVRIDUXVHGFOLQLFDOSDUDPHWHUVVXFKDVLPSODQWDWLRQ
rates and ongoing pregnancies as outcome measures. Several factors may explain why PGS is not
FOLQLFDOO\HIIHFWLYH7KHÀUVWIDFWRULVWKHUHOLDELOLW\RIWKH),6+WHFKQLTXHRQVLQJOHEODVWRPHUHV
$OWKRXJKGLIÀFXOWWRGHWHUPLQHLWLVHVWLPDWHGWKDWDERXWRIREVHUYHGDEQRUPDOLWLHVDUHGXH
to FISH artefact (Daphnis et al., 2004; Munné et al., 2004a). The second factor involves the choice
and number of chromosomes screened. PGS analysis routinely involves the screening of the copy
number of seven to ten chromosomes, mostly of those chromosomes that are involved in potentially
viable trisomies (13, 18, 21 and the sex chromosomes) in combination with chromosomes often
found to be trisomic in early miscarriages (such as 14, 15, 16 and 22) (Philipp et al., 2003). However,
chromosome aberrations can be involved in preimplantation embryos which are not found later
during development, as in spontaneous miscarriage or ongoing pregnancy (Bahçe et al., 1999; Fritz et
al., 2001; Vouillaire et al.:HOOVDQG'HOKDQW\3KLOOLSSDQG.DORXVHN 7KHUHIRUH
LWKDVEHHQSURSRVHGWKDWWKHHIÀFLHQF\RI3*6FRXOGEHLPSURYHGE\DQDO\]LQJPRUHFKURPRVRPHV
(Wilton et al., 2002).
A third factor is the high incidence of chromosomal mosaicism in embryos, which may result
in the cell(s) biopsied not being representative for the remaining embryo (Los et al., 2004). It
has not yet been demonstrated that the screening of one or two blastomeres obtained from
an eight-cell embryo for the presence of aneuploidies will provide a reliable prediction of the
chromosomal status of the remaining embryo. A fourth factor is the group of patients where
PGS has been mostly applied. These are women of advanced maternal age or with an indication,
such as recurrent implantation failure or recurrent miscarriage. They may have an inherent high
incidence of chromosomal abnormalities, to the extent that no chromosomally normal embryos
are available for transfer. Alternatively, they may have a reduced chance for implantation which is
17
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not related to the embryos. Therefore, data are needed concerning the incidence of chromosomal
abnormalities and especially mosaicism in embryos of younger IVF patients (<38 years) with no
VSHFLÀFLQGLFDWLRQIRU3*6

Figure 1.2. Light micrographs illustrating the embryo biopsy procedure. (a) An 8-cell embryo is attached to a holding pipette. (b)
$ODUJHUPDJQLÀFDWLRQVKRZVWZREODVWRPHUHVZLWKYLVLEOHQXFOHL F $QLQIUDUHGGLRGHODVHUV\VWHP 2&7$;/DVHU6KRW2&7$;
0LFURVFLHQFH*PE+*HUPDQ\ ZLWKDSSURSULDWHVRIWZDUH 2&7$;(\H:DUH LVXVHGWRSDUWLDOO\GLVVHFWWKH]RQDSHOOXFLGD GI 
2QHE\RQHWZREODVWRPHUHVDUHUHPRYHGE\DSSO\LQJVXFWLRQZLWKDELRSV\SLSHWWH
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Multifollicular ovarian stimulation for in vitro fertilization
Follicle development in the natural cycle
The initial growth of primordial follicles in the ovaries is thought to be independent of FSH and
commences in a random fashion (Peters et al., 1975). The majority of these primordial follicles go
into atresia. Only those antral follicles that happen to be at a more advanced stage of maturation
during the inter-cycle rise in follicle stimulating hormone (FSH) gain gonadotrophin dependence
and continue to grow (Fauser and van Heusden, 1997; McGee and Hsueh, 2000). Within the natural
menstrual cycle, gonadotrophin releasing hormone (GnRH) is released from the hypothalamus in
a pulsatile manner and stimulates the synthesis and the release of luteinizing hormone (LH) and
FSH by the anterior pituitary gland. In the early follicular phase serum FSH levels rise which is
followed by decreasing concentrations during the mid and late follicular phase due to negative
estradiol (E2) feedback at the hypothalamic-pituitary axis (Baird, 1987). Moreover, a rise in
inhibin B serum levels takes place early in the follicular phase, suggesting that it is secreted by
a recently recruited cohort of follicles in response to FSH (Laven and Fauser 2004). This rapid
rise in inhibin B occurs immediately after the inter-cycle rise in FSH (Groome et al., 1996). It
may be proposed that inhibin B limits the duration of the FSH rise through negative feedback
at the pituitary level (Groome et al., 1996). The decrease in FSH levels in the mid follicular phase
secures the selection of a single dominant follicle (van Santbrink et al., 1995), which becomes less
dependent on FSH and continues to grow. Remaining follicles from the recruited cohort cease to
mature and undergo atresia.
Rising levels of E2, produced by the granulosa cells of the pre ovulatory follicle eventually
result in a switch from negative feedback to a positive feedback effect, resulting in a rapid rise
in LH release and the so-called LH surge. The LH surge initiates multiple events such as the
commencement of oocyte meiotic maturation, granulosa cell luteinization and corpus luteum
formation as well as the rupture of the dominant follicle allowing for the expulsion of the oocyte
(i.e. ovulation) (Conti et al., 1998; Richards et al., 1998).

Follicle development in the stimulated cycle
The major goal of ovarian stimulation in IVF treatments is to induce the development and growth
of multiple follicles. By administrating exogenous FSH for an extended period of time and thereby
preventing the mid-follicular decrease in FSH levels, more than one follicle will gain dominance
and continue to grow (Schipper et al., 1998). As a result of multiple growing follicles, E2 levels
will increase more rapidly and may induce a premature LH surge and subsequent premature
luteinization.
The conventional IVF regimens routinely use a GnRH agonist to prevent premature
luteinization by decreasing pituitary releases of endogenous FSH and LH. Suppression of pituitary
function takes around two weeks, after which high doses of exogenous FSH are administered to
induce multiple follicle growth, resulting in high numbers of oocytes for retrieval. In the process,
natural follicle selection is completely overruled, allowing the non-discriminate growth of many
follicles.
The recent availability of GnRH antagonists has enabled the development of novel approaches
in ovarian hyperstimulation. To prevent a premature LH rise, administration of a GnRH
antagonist can be limited to the mid-to-late follicular phase (Fauser et al., 2005). Therefore,
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cyclic follicle recruitment and initial stages of dominant follicle selection can proceed within
the natural cycle and the endogenous inter-cycle FSH rise can be utilized for follicle stimulation
(Figure 1.3). Exogenous FSH administration can thus be limited to the mid-late follicular phase
(Fauser and Van Heusden, 1997; Fauser et al., 1999; Hohmann et al., 2003). This constitutes a more
physiological approach to ovarian stimulation and has many advantages. Treatment time and
gonadotropin requirement are lower, and side-effects resulting from down-regulation with GnRH
agonists are absent. However, uptake of GnRH antagonists in clinical practice has been slow
(Fauser and Devroey, 2005; Griesinger et al., 2005). Meta-analyses on studies comparing GnRH
DJRQLVWSURWRFROVZLWK*Q5+DQWDJRQLVWVKRZFRQÁLFWLQJUHVXOWV /XGZLJet al., 2001; Al-Inany
and Aboulghar, 2002; Daya, 2005). However, it is suggested that GnRH antagonists are slightly
OHVVHIÀFDFLRXVWKDQ*Q5+DJRQLVWSURWRFROVDQGWKLVKDVLQÁXHQFHGFOLQLFDODFFHSWDQFH
A previous RCT comparing a mild stimulation regimen using a GnRH antagonist to a
conventional stimulation regimen with a GnRH agonist, showed mild stimulation to result in
high quality embryos for transfer as indicated by good embryo morphology and pregnancy rates
per embryo transfer (Hohmann et al., 2003). Moreover, while no pregnancies were obtained in
women who had produced four or less oocytes following the conventional protocol, the majority
of pregnancies following mild stimulation occurred in women with four or less oocytes. It was
hypothesized that a more physiological approach to ovarian stimulation, resulting in less growing
follicles, may allow only the healthiest follicles and oocytes to develop.

,QÁXHQFHRIRYDULDQVWLPXODWLRQRQRRF\WHTXDOLW\
$VGHVFULEHGEHIRUHIROOLFOHVWKDWGHYHORSWRWKH*UDDÀDQVWDJHDUHVHOHFWHGIURPDPXFKODUJHU
pool of follicles. After becoming FSH-dependent, future dominant follicles indirectly affect
the growth of the remaining follicles through their secretion of estrogens and inhibins, which
feed back on the hypothalamic-pituitary system to further reduce the already falling level of
circulating FSH (Zeleznik and Hillier, 1984; Fauser and van Heusden, 1997). So, although the
system appears to be primarily regulated in an endocrine manner, to explain the initial emergence
of future dominant follicles it has been hypothesized that direct interfollicular interactions are
also important (Baker and Spears, 1999).
Oocyte maturation is interlinked with follicle development and regulating bi-directional
signaling occurs between oocytes and granulosa cells (for review see Eppig et al., 2001). Even
during antral follicular growth, oocyte volume still increases with >10% (Eppig and O’Brien,
1996). Oocytes have to achieve both nuclear and cytoplasmic maturity in order to sustain the
early stages of embryonic development (Albertini et al, 2003). Recently, experimental evidence in
mice showed that disturbances in this complex interplay of signals regulating follicle growth may
alter the late stages of oocyte maturation, and increase the risk for chromosome malsegregation
in subsequent meiotic divisions (Hodges et al., 2002). As we described before, it is likely that the
HDUO\HPEU\RGHSHQGVRQFHOOFRPSRQHQWVSUHVHQWLQWKHRRF\WHIRUWKHÀUVWFOHDYDJHGLYLVLRQV
Therefore, it is feasible that ovarian stimulation in humans also results in a disturbance of follicle
and oocyte growth and thereby affects chromosomal competence of resulting embryos.
Although a few studies offer some indication that more profound ovarian stimulation can
increase the incidence of chromosomal abnormalities (Munné et al., 1997; Troncoso et al., 2003;
.DW]-DIIHet al., 2005), it should be investigated in a prospectively randomized trial.
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Figure 1.3. Schematic representation of levels of FSH and number and size of follicles during the follicular phase of the normal
PHQVWUXDOF\FOHGXULQJRYDULDQVWLPXODWLRQZLWKD*Q5+DJRQLVW FRQYHQWLRQDOVWLPXODWLRQ DQGGXULQJRYDULDQVWLPXODWLRQZLWKD
*Q5+DQWDJRQLVWDQGVWDUWRIH[RJHQRXV)6+DGPLQLVWUDWLRQRQF\FOHGD\ PLOGVWLPXODWLRQ 7KHWKUHVKROGOHYHOUHSUHVHQWVWKH
FRQFHQWUDWLRQRI)6+LQVHUXPDERYHZKLFKRQJRLQJJRQDGRWURSLQGHSHQGHQWIROOLFOHGHYHORSPHQWLVVWLPXODWHG7KHZLQGRZ
represents the duration of time FSH concentrations are above the threshold.
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Aims and outline of the thesis
To improve the effectiveness of single embryo transfer, the ability to select the embryo with the
highest potential to develop into a healthy child is of vital importance. This requires more insight
into chromosomal competence of embryos, as this may be a crucial factor for embryo development.
In this thesis, chromosomal competence was investigated by applying PGS on fresh or cryopreserved
human day 3 embryos, if possible followed by reanalysis of the biopsied embryo on day 5. Also, the
chromosome constitution of good quality day 4 or 5 embryos after cryopreservation was investigated.
The results of the described studies reveal cytogenetic aspects important for the reliability of PGS
(Chapter 2) and have clinical implications for optimizing embryo quality (Chapter 3).
When performing PGS, only a limited time frame is available between optimal timing of embryo
biopsy on day 3 after fertilization and time of transfer to the uterine cavity on day 4 or 5. To enable
fast and reliable screening of as many chromosomes as possible, multi-color FISH in two rounds
of hybridization was applied. Section 2.1 describes the establishment of a protocol using homelabeled DNA probes allowing the reliable screening of 10 different chromosomes within this limited
time frame. This FISH protocol was applied to cryopreserved day 3 embryos donated for research
purposes in Section 2.2. To investigate the role of chromosomal mosaicism on false positive or false
negative results in PGS, the result obtained from a two-cell embryo biopsy on day 3 was compared
to the chromosome constitution of the remaining embryo on day 5.
7R FRQÀUP WKHVH UHVXOWV LQ IUHVK HPEU\RV WKH VDPH LQYHVWLJDWLRQ ZDV SHUIRUPHG RQ GD\ 
embryos from IVF patients <38 years, where biopsied embryos considered not suitable for transfer
or cryopreservation were reanalyzed. The results of this study are described in Section 2.3 and the
implications of chromosomal mosaicism for PGS are discussed from a cytogenetic and a clinical
point of view.
It has been proposed that the effectiveness of PGS could be improved by analyzing more
chromosomes. In Section 2.4, the objective was to establish a protocol for screening 15 chromosomes
in three consecutive FISH rounds and explore the added value of investigating more chromosomes
for the detection of chromosomally abnormal and mosaic embryos. This study was performed
on good quality, cryopreserved day 4 and day 5 embryos and the added value of screening more
chromosomes for PGS is discussed.
&KDSWHU  FRQFHUQV ZLWK WKH LQÁXHQFH RI RYDULDQ VWLPXODWLRQ RQ FKURPRVRPDO FRPSHWHQFH
of embryos. We aimed to test the hypothesis that a more physiological approach to ovarian
stimulation, may allow only the healthiest follicles and oocytes to develop, resulting in a higher
percentage of chromosomally normal embryos.
In Section 3.1 the results of a randomized controlled trial are reported, comparing a mild
stimulation regimen using gonadotropin-releasing hormone (GnRH) antagonist co-treatment,
which does not disrupt secondary follicle selection, with a conventional high dose exogenous
gonadotropin regimen and GnRH agonist co-treatment. In performing this study, we had three
objectives. First, the incidence of chromosomal abnormalities in embryos from a group of relatively
young IVF patients (<38 years), with no increased likelihood of producing chromosomally abnormal
embryos, was studied. Second, the incidence of chromosomal abnormalities and mosaicism was
determined in embryos resulting from mild versus conventional ovarian stimulation. Third, the
relationship between ovarian response and the incidence of chromosomal abnormalities in resulting
embryos was investigated.
Finally, in Chapter 4 the most important conclusions from the conducted studies are
summarized and implications for clinical practice and future research are discussed.
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Cytogenetic aspects of PGS

Section 2.1

Screening for aneuploidies of ten different chromosomes in
two rounds of FISH: a short and reliable protocol

Introduction
The introduction of FISH for preimplantation genetic diagnosis has enabled screening of
embryos for chromosomal aneuploidies before transfer. Obviously, it would be of great use for
Preimplantation Genetic Screening (PGS) to screen each blastomere for as much chromosomes
as possible in a short time period. More recently, new methods have been developed to enable
screening of all 23 chromosome pairs, such as Comparative Genomic Hybridization (CGH)
(Wells and Delhanty, 2000; Voullaire et al., 2000), spectral karyotyping (Marquez et al., 1998)
and nuclear conversion (Verlinsky and Evsikov, 1999). However, because of practical limitations,
these techniques have not yet been widely used in clinical practice. Another promising technique,
TXDQWLWDWLYHÁXRUHVFHQWSRO\PHUDVHFKDLQUHDFWLRQ 4)3&5 ZDVVKRZQWREHVWLOOOHVVDFFXUDWH
than FISH tests in a recent comparative study (Sato et al., 2003). Therefore, FISH remains at
present the best choice for aneuploidy screening.
7KHDYDLODEOHQXPEHURIÁXRUHVFHQWG\HVWKDWFDQEHLQGLYLGXDOO\YLVXDOLVHGRQDHSLÁXRUHVFHQFH
microscope has limited the number of chromosome targets that can be detected simultaneously.
In order to increase the number of chromosomes that can be screened, several strategies have
been used. One possibility is to screen only three chromosomes per round and increase the
number of FISH rounds (Harrison et al., 2000). This, however, takes time and with each FISH
round there is an increasing chance for loss of DNA, resulting in poor morphology and signal loss.
Another strategy is to increase the number of chromosomes that can be detected by using coded
hybridization (Munné et al.D +HUHWZRRUPRUHÁXRUHVFHQWODEHOVDUHFRPELQHGWRFUHDWH
QHZFRORXUVZKHQREVHUYHGZLWKDGXDORUWULSOHEDQGSDVVÀOWHU%\GRLQJVR0XQQpet al. (1998a)
could include probes for nine different chromosomes in two rounds of hybridization. However,
VHYHUDOSUREHVVKDUHWKHVDPHÁXRURFKURPHVZKLFKLQFUHDVHVWKHFKDQFHIRUPLVGLDJQRVLVGXHWR
overlap of signals.
Bahçe et al. (2000) published a protocol for FISH using monocolour labelled probes,
LQWURGXFLQJDUHDG\WRXVHFRPPHUFLDOO\DYDLODEOHSUREHPL[ZLWKÀYHGLIIHUHQWÁXRURFKURPHV
This probemix has now been widely used (Hardarson et al., 2003; Silber et al., 2003; Staessen et al.,
2003). Although this probemix was shown to be reliable and easy-to-use, it is also expensive and
the choice of chromosomes is limited.
The aim of the present work was to develop a homemade probemix, which can be used in
combination with a commercially available probemix, making the screening of ten chromosomes
LQWZR),6+URXQGVSRVVLEOH:HODEHOOHGUHSHWLWLYH'1$SUREHVZLWKÁXRURFKURPHVWKDWFDQ
EHGHWHFWHGLQGHSHQGHQWO\ZLWKVSHFLÀFHSLÁXRUHVFHQWÀOWHUV)XUWKHUPRUHWKHVSUHDGLQJDQG
À[DWLRQSURFHGXUHIRUWKHEODVWRPHUHVZDVIXUWKHURSWLPLVHGIRUVLJQDOTXDOLW\DQGVSHHGRIWKH
procedure.

Materials and methods
Labelling of DNA probes

7KH '1$ SUREHV XVHG LQ WKH ÀUVW URXQG ZHUH FHQWURPHUH SUREHV IRU FKURPRVRPHV  S8&
1.77; Cooke and Hindley, 1979), 7 (pD7t1; Waye et al., 1987), 15 (pTRA-20; Choo et al., 1990), X
(pBamX5; Willard et al., 1983) and a Y chromosome heterochromatin probe (RPN1305X; Lau,
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1985). The probes were labelled in two steps using an ARES labelling kit (Molecular Probes
Europe BV, Leiden, Netherlands) according to the instructions of the manufacturers with some
PRGLÀFDWLRQV)LUVW DPLQRDOO\O G873ZDVLQFRUSRUDWHGLQWRWKH'1$E\QLFNWUDQVODWLRQ
IROORZHG E\ FKHPLFDO ODEHOOLQJ RI WKH DPLQHPRGLÀHG '1$ ZLWK GLIIHUHQW ÁXRURFKURPHV 7KH
nick translation reaction included: DNA (20 ng/μL), 1x buffer (50 mM Tris-HCL, pH 7.2, 10 mM
MgSO4, 0,1 mM DTT, Promega, Madison, USA), 40 μM of dATP, dCTP and dGTP, 10 μM dTTP,
60 μM aminoallyl-dUTP, 0,1 μg/mL Dnase I (Roche Applied Sciences, Indianapolis, USA), 0,3 U
'1$SRO\PHUDVH, 3URPHJD /UHDFWLRQ$IWHULQFXEDWLRQIRUKUVDW&'1$ZDVSXULÀHG
ZLWK D 4LDTXLFN 3&5 SXULÀFDWLRQ NLW 4LDJHQ 9DOHQFLD 86$  DQG VXEVHTXHQWO\ SUHFLSLWDWHG
with ethanol. The chemical coupling reaction was performed for one hour at RT in 10 μL 0,1
0VRGLXPELFDUERQDWHDQG'062RU'0)DIWHUZKLFKWKH'1$ZDVDJDLQSXULÀHGDQG
SUHFLSLWDWHG7KHSUREHVIRUFKURPRVRPHVDQG<ZHUHODEHOOHGZLWK3DFLÀF%OXH$OH[D
Fluor 350, Alexa Fluor 594 and Alexa Fluor 488, respectively. The probe for the X chromosome
was labelled by adding equal amounts of Alexa Fluor 488 and Alexa Fluor 555 reactive dye to
the chemical coupling reaction mixture. The labelled probes were resuspended in hybridization
buffer consisting of 60% formamide and 2×SSC (pH 7.0).
The DNA probes used in the second round were centromere probes for chromosome 16 and
18, labelled with Spectrum Aqua and Spectrum Blue, combined with LSI probes for chromosomes
13, 21, and 22 labelled with Spectrum Red, Green and Gold, respectively (Multivysion PB kit,
Vysis, Downers Grove, IL, USA).
6SUHDGLQJDQGÀ[DWLRQRIEODVWRPHUHVDQGHPEU\RV

Preimplantation embryos for testing the protocol were obtained from couples participating in our
ongoing study on PGS, a study approved by the Dutch Central Committee on Research Involving
Human Subjects (CCMO) and the local ethics review committee of the hospital. First, surplus
HPEU\RVZHUHXVHGWKDWZHUHRILQVXIÀFLHQWTXDOLW\IRUELRSV\RQGD\WKUHHDQGDOVRQRWVXLWDEOH
IRUUHSODFHPHQWRUFU\RSUHVHUYDWLRQRQGD\IRXU7KHVHHPEU\RVZHUHFXOWXUHGXQWLOGD\ÀYHEHIRUH
À[DWLRQ $IWHU WHVWLQJ WKH SURWRFRO RQ VXUSOXV HPEU\RV WKH PHWKRG ZDV DSSOLHG FOLQLFDOO\ RQ
VLQJOHEODVWRPHUHVREWDLQHGDIWHUHPEU\RELRSV\7KHVHZHUHÀ[HGDVGHVFULEHGSUHYLRXVO\ %DDUW
et alD ZLWKVRPHPRGLÀFDWLRQV,QVKRUWWKHEODVWRPHUHZDVZDVKHGRQFHLQVSUHDGLQJ
solution (0.01 N HCl/0.1% Tween 20; Coonen et al., 1994; Harper et al., 1994) and immediately
transferred onto a clean microscopic slide (Superfrost Plus, Menzel Gläser, Braunschweig,
*HUPDQ\  6SUHDGLQJ VROXWLRQ ZDV DGGHG ZLWK D ÀQHO\ GUDZQ SDVWHXU SLSHWWH 7RXFKLQJ WKH
liquid with the tip of the pipette helped in isolating the nucleus and dissolving the cytoplasm.
The solution was then allowed to dry and about 4 P/RIIUHVKO\PDGHÀ[DWLYH PHWKDQRODFHWLF
acid, 3:1) was dropped on top of the nucleus. After air-drying, spread blastomeres were incubated
LQLFHFROGÀ[DWLYHIRUPLQZDVKHGLQ3%6DQGGHK\GUDWHGWKURXJKDQHWKDQROVHULHV:KROH
VXUSOXVHPEU\RVZHUHÀ[HGLQWKHVDPHZD\RQO\QRZWKHZDVKLQVSUHDGLQJVROXWLRQZDVDOVR
used to dissolve the zona pellucida, before transferring the embryo to the slide.
FISH procedure

7ZRURXQGVRIÀYHFRORXU),6+ 7DEOH ZHUHDSSOLHGWRVLQJOHEODVWRPHUHVRUHPEU\RV,QWKHÀUVW
round, FISH was performed for chromosomes 1 (aqua), 7 (blue), 15 (red), X (yellow) and Y (green).
A hybridization mixture was made, containing 10 ng of each labelled probe in 50% formamide, 10%
GH[WUDQVXOSKDWH7ZHHQDQGð66&LQDÀQDOYROXPHRI/3HUVOLGH/K\EULGL]DWLRQ
mixture was applied under a 6mm round coverslip. Blastomere and probe DNA were denatured
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simultaneously at 75qC for 3 min and allowed to hybridize in a humid box (containing 50% formamide
in 2×SSC, pH 7.2) at 37qC for 1 to 2 h. After hybridization, coverslips were removed and slides were
washed in 2×SSC/0.05% Tween 20 for 2 min at 42qC, then in 0.1×SSC for 6 min at 60qC and in
2×SSC/0.05% Tween 20 for 2 min at RT. The slides were rinsed once in PBS, allowed to air dry and
mounted in Vectashield antifade medium (Vector Laboratories, Burlingame, CA, USA), containing
QJP/·GLDPLGLQRSKHQ\OLQGROH '$3, $IWHUDQDO\VLVRIWKHÁXRUHVFHQWVLJQDOVFRYHUVOLSV
and antifade medium were removed with two washes in 2×SSC/0.05% Tween 20 for 5 min at RT.
The slides were dehydrated and the probemix for the second round was applied. The slides were
denatured for 3 min at 75qC and allowed to hybridize for 2 to 4 h at 37qC. Coverslips were removed
and slides were washed in 2xSSC/0.05% Tween 20 for 2 min at 42qC, then in 0.6×SSC for 6 min at
60qC and in 2×SSC/0.05% Tween 20 for 2 min at RT. After a brief wash in PBS, the slides were allowed
to air dry and mounted in Vectashield antifade medium. Signals from the second round were recorded
DQGFRPSDUHGZLWKWKHRQHVIURPWKHÀUVWURXQGWRHQVXUHWKH\KDGQRWSHUVLVWHG)RUHQXPHUDWLRQRI
the signals after both rounds, we used scoring criteria previously published (Munné et al., 1998b).
7KHHIÀFLHQF\RIWKH),6+SUREHVZDVWHVWHGRQXQFXOWXUHGSHULSKHUDOO\PSKRF\WHVSUHDGVIURP
two men and two women with normal karyotypes. Slides were prepared according to standard
protocols and they were hybridized using the same two-round FISH protocol as for the embryonic
cells (see above). Signals were counted in 200 nuclei. In addition, the positions of 16 individual
nuclei were recorded and images were obtained after each round to check for persisting signals.
Microscopy and interpretation of FISH results

6OLGHVZHUHH[DPLQHGZLWKD=HLVV$[LRSODQLPDJLQJHSLÁXRUHVFHQFHHTXLSSHGPLFURVFRSHXVLQJ
WKHIROORZLQJÀOWHUVIRUH[FLWDWLRQDQGGHWHFWLRQ 7DEOH $OH[D)OXRUDQG6SHFWUXPUHG
5HGÀOWHUVHW,'$OH[D)OXRUDQG6SHFWUXP*UHHQ<HOORZ*)3%3ÀOWHUVHW,'
$OH[D)OXRU6SHFWUXP%OXHDQG'$3,'$3,+RHFKVW$0&$ÀOWHUVHW,'6SHFWUXP
Gold and combined labelling with Alexa Fluor 488 and Alexa Fluor 555: R and B phycoerythrin
+T OLJKW VRXUFH ,'  DOO &KURPD 7HFKQRORJ\ &RUS 5RFNLQJKDP 9HUPRQW 86$  3DFLÀF
Blue and Spectrum Aqua: ID 0415-834 (Zeiss, Jena, Germany). Images were captured with the ISIS
FISH Imaging System (MetaSystems, Altlussheim, Germany). Interpretation of the FISH results
IURPVLQJOHEODVWRPHUHVDIWHUELRSV\DQGHPEU\RVZDVGRQHDFFRUGLQJWRWKHGHÀQLWLRQVSXEOLVKHG
previously (Baart et al., 2004b).

5HVXOWV
Labelling and multicolour FISH

7KH SUHVHQW ODEHOOLQJ SURWRFRO DOORZV ODEHOOLQJ RI '1$ SUREHV ZLWK IRXU ÁXRUHVFHQW G\HV
WKDW FDQ EH GHWHFWHG ZLWK D VSHFLÀF ÀOWHUVHW )LJXUH $' $SSHQGL[  7KH ÀIWK \HOORZ
ÁXRUHVFHQW FRORXU LV FUHDWHG WKURXJK ÁXRUHVFHQFH UHVRQDQFH HQHUJ\ WUDQVIHU )5(7  %\
ODEHOOLQJ VLPXOWDQHRXVO\ ZLWK $OH[D )OXRU  VLPLODU WR ÁXRUHVFHLQ  DQG $OH[D )OXRU 
VSHFWUDOO\VLPLODUWR7HWUDPHWK\OUKRGDPLQH WKHÁXRURFKURPHVHQGXSVRFORVHWRJHWKHUWKDW
after excitation of Alexa Fluor 488 the energy is transferred to Alexa Fluor 555. This will then
VKRZVHQVLWLVHGÁXRUHVFHQFHZKLFKFDQEHYLVXDOLVHGDV\HOORZZLWKWKHDSSURSULDWHÀOWHUVHW
)LJXUH($SSHQGL[ 7KHÀOWHUVHWVSHFLÀFIRU$OH[D)OXRUGRHVQRWGHWHFW$OH[D)OXRU
555, so only chromosome 15 is visible with this set (Figure 2.1.1C, Appendix). Some care has to be
taken with the Alexa Fluor 488 signals, which indicate both the Y chromosome and, in part, the
X chromosome (Figure 2.1.1D, Appendix), but these can be easily distinguished. Moreover, the X
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FKURPRVRPHFDQEHVSHFLÀFDOO\GHWHFWHGZLWKWKH\HOORZÀOWHUVHW )LJXUH($SSHQGL[ 
%OHHGLQJRFFXUVIURPWKH3DFLÀF%OXHÁXRURFKURPHZKHQYLHZHGZLWKWKHEOXHÀOWHUVHWVR
that these signals have to be interpreted cautiously (Figure 2.1.1A, Appendix). Good imaging
software greatly helps with analysis of all the signals (Figure 2.1.1F, Appendix).
Control lymphocytes

7KH),6+SURWRFROZDVWHVWHGIRUK\EULGL]DWLRQHIÀFLHQF\LQQXFOHLRIO\PSKRF\WHVSUHDGV
IURPWZRPDOHVDQGWZRIHPDOHV7KHK\EULGL]DWLRQHIÀFLHQFLHVIRUWKHLQGLYLGXDOSUREHVZHUH
calculated as the percentage of nuclei showing the expected number of signals and ranged
between 95-99%, depending on the individual DNA probe (Table 2.1.2). Taken together, 86% of
WKHQXFOHLVKRZHGWKHQRUPDODPRXQWRIVLJQDOVIRUDOOÀYHSUREHVLQWKHÀUVWURXQGDQGLQ
WKHVHFRQGURXQG$IWHUFRPSDULVRQRIWKHLPDJHVREWDLQHGDIWHUWKHÀUVWDQGWKHVHFRQGURXQG
QRSHUVLVWLQJVLJQDOVIURPWKHÀUVWURXQGZHUHREVHUYHGDIWHUWKHVHFRQGURXQGRI),6+
Fixation of blastomere nuclei

7KHÀ[DWLRQSURWRFROXVHGLQWKLVVWXG\IRUEODVWRPHUHVDQGHPEU\RVDOORZVWKHUHPRYDORIDOO
cytoplasm. Therefore, the use of a pepsin treatment was no longer necessary. Furthermore, the
DGGLWLRQDOÀ[DWLRQLQLFHFROGPHWKDQRODFHWLFDFLGHQVXUHVPDLQWHQDQFHRIQXFOHDUPRUSKRORJ\
DQGVSHFLÀFDQGORFDOL]HG),6+VLJQDOV )LJXUH$SSHQGL[ $QDGYDQWDJHRIÀ[LQJZKROH
embryos according to this protocol is that the HCl/Tween 20 step provides the opportunity to
separate all nuclei, so overlapping of nuclei can be avoided.
:KHQDQDO\VLQJWKHVDPHQXFOHXVWZLFHE\),6+WKHGLIÀFXOW\LVWRERWKPDLQWDLQJRRG
QXFOHDUPRUSKRORJ\DQGWRDYRLGSHUVLVWLQJVLJQDOV7KHVSUHDGLQJDQGÀ[DWLRQSURWRFROZH
use in this study ensures good morphology also in the second round of FISH (Figure 2.1.1G,
Appendix). The commercial probe mix incorporates labelled human placenta DNA, which
SURYLGHV D EDFNJURXQG FRORXU 7KLV EDFNJURXQG ÁXRUHVFHQFH LV YHU\ SHUVLVWHQW DQG LW FDQ
interfere with signal detection of the homemade probes if they are used in a second round
of FISH. The same goes for the signals for chromosome 16 and 13 (data not shown). We
therefore use the commercial probemix in the second round only. The homemade probemix in
combination with DAPI background staining never left any persisting signals after the second
round of FISH.
Chromosomal analysis of embryos and single blastomeres

1LQHVXUSOXVHPEU\RVIURPVHYHQSDWLHQWVZHUHFRPSOHWHO\À[HGDQGDQDO\VHG 7DEOH 
Four embryos were found to be normal. Three embryos were diagnosed as mosaic, consisting
of normal cells next to abnormal ones. One embryo showed a monosomy for chromosome 15
in all its cells (embryo 4) and another embryo only had a haploid chromosome complement
(embryo 7).
The protocol was applied clinically to three different patients participating in the study. In
total, 15 embryos were biopsied and the results of the FISH analysis are presented in Table 2.1.4.
Nine embryos were diagnosed as normal, two embryos as mosaic and three embryos were found
WREHDQHXSORLG,QRQHHPEU\RWKHÀUVWQXFOHXVZDVORVWGXULQJWKHVSUHDGLQJSURFHGXUHDQG
the second nucleus was of such poor morphology that no diagnosis could be made (patient 1,
embryo 5). Four normal embryos were transferred and this resulted in one ongoing pregnancy
for patient no. 2.

28

Cytogenetic aspects of PGS

Discussion
The protocol described here allows reliable screening of 10 chromosomes in two rounds of FISH.
Furthermore, the whole process from embryo biopsy to FISH analysis can be completed within a
day, which is important for PGS where time is limited.
8VLQJ WKH SUHVHQW ODEHOLQJ SURWRFRO LQ FRPELQDWLRQ ZLWK WKH VSHFLÀHG ÀOWHU VHWV DOORZV
LGHQWLÀFDWLRQ RI ÀYH FKURPRVRPH WDUJHWV LQ RQH URXQG RI ),6+ 3HUIRUPLQJ WKH ODEHOOLQJ
is relatively easy and does not require any special equipment. It offers the advantage of more
ÁH[LELOLW\ LQ FKRRVLQJ FKURPRVRPH WDUJHWV WR EH LQYHVWLJDWHG 7KH FRPPHUFLDOO\ DYDLODEOH
probemix only screens for chromosomal abnormalities, which, if present in the embryo, still
allow development and implantation. However, CGH studies have shown that all chromosomes
can show abnormalities in preimplantation embryos (Voullaire et al., 2002, Voullaire et al., 2000;
Wells and Delhanty, 2000) and it can therefore be useful to screen for other chromosomes. The
present labelling protocol allows the screening for aneuploidies of these other chromosomes.
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7DEOH2YHUYLHZRIWKHÁXRURFKURPHVDQGFRUUHVSRQGLQJÀOWHUVHWVXVHG
FISH
round

Chromosome

Fluorochrome

I

1

3DFLÀF%OXH

6SHFWUXP$TXDÀOWHUVHW,'

7

Alexa Fluor 350

'$3,+RHFKVW$0&$ÀOWHUVHW,'

15

Alexa Fluor 594

5HGÀOWHUVHW,'

;

Alexa Fluor 488/
Alexa Fluor 555

5DQG%SK\FRHU\WKULQ+TOLJKWVRXUFH,'

Y

Alexa Fluor 488

<HOORZ*)3%3ÀOWHUVHW,'

13

6SHFWUXP5HG

5HGÀOWHUVHW,'

16

6SHFWUXP$TXD

6SHFWUXP$TXDÀOWHUVHW,'

18

Spectrum Blue

'$3,+RHFKVW$0&$ÀOWHUVHW,'

21

Spectrum Green

<HOORZ*)3%3ÀOWHUVHW,'

22

Spectrum Gold

5DQG%SK\FRHU\WKULQ+TOLJKWVRXUFH,'

II

Filterset

7DEOH+\EULGL]DWLRQHIÀFLHQF\RIHDFK'1$SUREHDIWHUDQDO\VLVRIO\PSKRF\WHQXFOHLIURPWZRPDOHVDQGWZRIHPDOHV
with a known normal karyotype.
FISH
5RXQG

Chromosome
Probe

No. of nuclei showing the
expected number of signals

+\EULGL]DWLRQHIÀFLHQF\

I

1

189

95%

7

190

95%

15

195

98%

;

192

96%

Y

198

99%

13

198

99%

16

192

96%

18

194

97%

21

197

99%

22

198

99%

II
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7DEOH5HVXOWVDIWHUÀ[DWLRQDQG),6+DQDO\VLVRIVXUSOXVSUHLPSODQWDWLRQHPEU\RV
(PEU\RQR

Morphology score1 /
Cleavage stage

# cells analysed

FISH results
[no. of cells]

Interpretation of FISH
results

1

3 / Arrested day 4

27

2N [14]

Mosaic

4N [4]
-16 [8]
;>@
2

3 / Blastocyst

50

2N [41]

Normal

+18 [3]
-18 [3]
-13 [1]
-15 [1]
-21 [1]
3

(DUO\EODVWRF\VW

13

2N [10]

Normal

4N [2]
-18 [1]
4

(DUO\EODVWRF\VW

21

-15 [20]

Aneuploid

1>@
5

4 / Blastocyst

34

2N [23]

Mosaic

-18 [4]
-13 [3]
+15 [3]
+1 [1]
6

([SDQGHGEODVWRF\VW

26

2N [19]

Normal

4N [3]
-16 [1]
-21 [1]
-22 [1]
-13 [1]
7

4 / Arrested day 4

13

N [11]

Haploid

1;>@
8

3 / Blastocyst

35

2N [30]

Normal

N [3]
4N [2]
9

4 / Arrested day 3

8

2N [2]

Mosaic

4N [2]
-21 [4]
10RUSKRORJ\VFRUH

H[FHOOHQW JRRG DYHUDJH SRRUTXDOLW\
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7DEOH(PEU\RGHYHORSPHQWELRSV\DQG),6+UHVXOWVRISUHLPSODQWDWLRQHPEU\RVIURPWKUHHGLIIHUHQWSDWLHQWV
Patient
no.

Age

No. of
oocytes

No. of
oocytes
fertilized

(PEU\RV
biopsied

Morph. Score1/
no. of cells
on day 3

FISH results
1st / 2nd
blastomere

Diagnosis

Morphology score/
cleavage stage day 4

1

35

9

8

1

2/8

2N / 2N

Normal

1 / Morula 2

2

2/8

2N / 2N

Normal

2 / Morula 2

3

2/9

2N / 2N

Normal

3 / Morula

4

1 / 10

2N / +22

Mosaic

2 / Morula

5

1/8

N.A. / N.A.

-

1 / Morula

6

2/8

2N / -15

Mosaic

Degenerated

7

3 / 10

2N / 2N

Normal

3 / Morula

8

1/8



Aneuploid

4 / Arrested day 3

1

4/8

2N / 2N

Normal

4 / Morula 2

2

2/8

+15 / +15

Aneuploid

4 / Arrested day 3

3

4/5

2N

Normal

4 / Arrested day 3

2

3

26

33

8

8

3

6

1

3/5

2N

Normal

4 / Arrested day 3

2

2/8

2N / 2N

Normal

2 / Morula 2

3

2/8

2N / 2N

Normal

4 / Arrested day 4

4

2/8

1;


Aneuploid

2 / Morula

1²


10RUSKRORJ\VFRUH
2(PEU\RVWUDQVIHUUHG

N.A. = not analysed
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Section 2.2

Fluorescence in situ hybridization analysis of two
blastomeres from day 3 frozen-thawed embryos followed by
analysis of the remaining embryo on day 5

Introduction
The advent of IVF as a treatment for infertility has created the opportunity to study the
chromosomal constitution of surplus human preimplantation embryos. An increasing body of
evidence suggests that the incidence of chromosomal abnormalities in embryos is extremely
high (as reviewed by Macklon et al., 2002, Wilton, 2002). Accumulating evidence suggests that
good embryo morphology does not necessarily exclude an abnormal chromosomal constitution
(Magli et al., 2000, Voullaire et al., 2000, Wells and Delhanty, 2000, Sandalinas et al., 2001). Since
aneuploidies are considered the main cause of embryonic wastage and loss, this phenomenon
may be primarily responsible for the relatively poor pregnancy rates reported after IVF, as well as
the poor fertility performance of humans in vivo (Delhanty, 2001). Multiple embryos are usually
transferred in IVF in an attempt to overcome low implantation rates per embryo, resulting in
considerable multiple pregnancy rates (Fauser, 1999, Hunault, 2002).
Preimplantation genetic diagnosis for aneuploidy screening (PGD-AS) is proposed as an
effective tool in selecting IVF embryos for transfer. Although used in over 24 IVF centres around
WKHZRUOGLWVEHQHÀFLDOHIIHFWUHPDLQVGLIÀFXOWWRDVVHVV$SRVLWLYHHIIHFWRQLPSODQWDWLRQDQG
ongoing pregnancy rates in a group of patients with advanced maternal age was observed in
retrospective studies (Munné et al., 1999, Munné et al., 2003). Other indications for which PGDAS has been proposed include recurrent implantation failure and recurrent miscarriage. However,
FOLQLFDOEHQHÀWVKDYHQRW\HWEHHQFRQYLQFLQJO\GHPRQVWUDWHG *LDQDUROLet al., 1999, ESHRE PGD
Consortium Steering Committee, 2002, Pehlivan et al., 2003, Rubio et al., 2003).
An important factor affecting PGD-AS outcome is the chance for misdiagnosis. Next to
technical errors, chromosomal mosaicism within an embryo can be a source of misdiagnosis.
Different studies show the percentage of mosaic embryos to be highly variable. The reported
range in cleavage stage embryos is 2-90%, depending on maternal age, patient subgroup,
PHWKRGRIDQDO\VLV>NDU\RW\SLQJÁXRUHVFHQFHin situ hybridization (FISH), comparative genomic
K\EULGL]DWLRQ &*+ @QXPEHURIFKURPRVRPHVDQDO\VHGDQGKRZPRVDLFLVPLVGHÀQHG -DPLHVRQ
et al., 1994, Munné et al., 1995, Almeida and Bolton, 1996, Harper and Delhanty, 1996, Bahçe et al.,
1999, Gianaroli et al., 1999, Iwarsson et al., 1999, Ruangvutilert et al., 2000, Voulliare et al., 2000,
Wells and Delhanty, 2000, Bielanska et al., 2002, Voulliare et al., 2002). For the chromosomes
investigated so far, and from CGH studies where all the chromosomes can be analysed, it appears
that all chromosomes can be involved in mosaicism. Because of this phenomenon, analysis of a
single cell may not represent the chromosomal content of the remaining embryo, leading to false
positive or false negative results. It has therefore been proposed to analyse two rather than one
blastomere from each embryo (Harper and Delhanty, 1996, Staessen et al., 1997, Iwarsson et al.,
1999). Investigating two cells would provide more insight into the incidence of mosaicism of day
3 embryos. However, the impact of a 2-cell biopsy on developmental potential of the embryo and
the added value for achieving a higher rate of ongoing pregnancies is still controversial and needs
to be further elucidated.
So far only one comprehensive report on results after PGD-AS on two biopsied blastomeres
has been published. This study considered only four embryos, analysing three chromosomes
(Emiliani et al., 2000). One of these four embryos showed discordant results between the two
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analysed blastomeres and thus was found to be mosaic at day 3. This embryo was reanalysed
at day 5 and appeared largely normal. Other studies only reanalysed those embryos that were
considered not suitable for transfer due to chromosomal abnormalities diagnosed on a single
blastomere (Veiga et al., 1999, Magli et al., 2000, Gianaroli et al., 2001, Sandalinas et al., 2001). Here,
KLJKUDWHVRIFRQÀUPDWLRQZHUHGHVFULEHG UHVSHFWLYHO\ EXWYHU\IHZ
GHWDLOVZHUHJLYHQDVWRZKDWZDVFRQVLGHUHGFRQÀUPHG,QFRQFOXVLRQWKHHIIHFWRIPRVDLFLVP
at the 8-cell stage on the reliability of the diagnosis and further development of the embryo is
largely unknown.
We have biopsied frozen-thawed good quality embryos and performed FISH analysis for
chromosomes 1, 7, 13, 15, 16, 18, 21, 22, X and Y on two blastomeres. After biopsy, the embryos
were cultured until day 5 and subsequently reanalysed using the same probe panels. The current
study was undertaken to assess how representative the results obtained from a 2-cell embryo
biopsy on day 3 are for the chromosome constitution of the remaining embryo on day 5, when
the embryo is usually transferred in a clinical setting. Moreover, additional information can be
obtained regarding the chromosomal content of good quality embryos after cryopreservation.

Material and methods
(PEU\RV

The spare cryopreserved preimplantation embryos used in this study were obtained from couples
undergoing routine IVF procedures in the period between January 1993 and June 1999. The study
was approved by the Dutch Central Committee on Research Involving Human Subjects (CCMO)
and the local ethics review committee of the hospital. Written consent was obtained from the
FRXSOHVLQRUGHUWRFRQÀUPWKDWWKHHPEU\RVFRXOGEHXVHGIRUUHVHDUFKSXUSRVHV
Ovarian stimulation, ovulation induction, oocyte retrieval and IVF/intracytoplasmic sperm
injection (ICSI) were performed as described previously (Huisman et al., 2000). A maximum of
two embryos was transferred on day 3 after oocyte retrieval according to our previously published
protocol (Huisman et al., 2000). Supernumerary, good quality embryos were subsequently
cryopreserved. The cryopreservation procedure was performed using a slow freezing 1.5 mol/l
dimethylsulphoxide (DMSO) protocol in a programmed freezer (De Jong et al., 2002).
For this study, 121 frozen day 3 (4-8 cell) embryos from 25 patients were thawed and taken
through consecutive washes of 1.2, 0.9, 0.6 and 0.3 mol/l DMSO for 5 min each. They were
transferred to culture medium supplemented with 14.2% GPO (human plasma solution, CLB,
$PVWHUGDP7KH1HWKHUODQGV DQGFXOWXUHGIRUK%HIRUHWKHELRSV\SURFHGXUHWKHHPEU\RV
were scored for quality and number of blastomeres. Embryo quality scores were assigned according
to previously described criteria (Huisman et al., 2000, Hohmann et al., 2003). Only embryos with
ÀYHRUPRUHEODVWRPHUHVZHUHELRSVLHGWDNLQJWZRFHOOVRQO\LIWKHHPEU\RFRQVLVWHGRIVHYHQRU
more blastomeres.
In total, 29 embryos from 12 patients survived the cryopreservation procedure, after storage
for an average of 6.4 years (range: 10.2-3.8 years). These 12 patients (mean maternal age: 33.7
years) all had become pregnant after transfer of two embryos in the cycle where the embryos
were frozen.
Biopsy procedure and spreading of blastomeres and embryos

3ULRU WR ELRSV\ HPEU\RV ZHUH ZDVKHG ÀYH WLPHV LQ FDOFLXPPDJQHVLXPIUHH PHGLXP (%
medium; Vitrolife, Sweden) and then incubated in EB-10 medium for 5 min at 37qC. The biopsy was
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performed on the heated stage of a Nikon IX-70 microscope, equipped with micromanipulation
tools. An infrared diode lasersystem (OCTAX Laser Shot, OCTAX Microscience GmbH,
Germany) with appropriate software (OCTAX EyeWare) was used for partial dissection of the
zona pellucida prior to biopsy. After biopsy of one or two blastomeres, the embryos were removed
and cultured for another 48 h under normal culture conditions. The remaining blastomeres
ZHUHÀ[HGDFFRUGLQJWRWKHPHWKRGGHVFULEHGE\'R]RUWVHYDQG0F*LQQLV  ,QVKRUWWKH
blastomere was washed once in 1% sodium citrate and transferred onto a slide (Superfrost Plus,
Menzel Gläser, Germany). Spreading solution (HCl/ Tween 20; 0.01 N HCl/ 0.1% Tween 20) was
added until the cytoplasm was largely removed. The solution was then allowed to dry and a drop
RIIUHVKÀ[DWLYH PHWKDQRODFHWLFDFLG ZDVDGGHG$IWHUGU\LQJWKHVOLGHZDVLQFXEDWHGLQ
100% methanol for 1 min, air-dried and stored at -20qC overnight. The biopsied embryos were
analysed for cleavage stage and quality at day 5 and then spread as described above.
FISH procedure

7KH'1$SUREHVXVHGLQWKHÀUVWURXQGZHUHFHQWURPHUHSUREHVIRUFKURPRVRPHV S8&
Cooke and Hindley, 1979), 7 (pD7t1; Waye et al., 1987), 15 (pTRA-20; Choo et al., 1990), X (pBamX5;
Willard et al., 1983) and a Y chromosome heterochromatin probe (RPN1305; Lau, 1985). They were
ODEHOOHGE\QLFNWUDQVODWLRQZLWK$OH[D)OXRU$OH[D)OXRU$OH[D)OXRURU3DFLÀF
Blue using an ARES labeling kit (Molecular Probes Europe BV, Netherlands) according to the
instructions of the manufacturers. The labelled probes were resuspended in hybridization buffer
consisting of 60% formamide and 2xSSC (pH 7.0). The DNA probes used in the second round
were centromere probes for chromosome 16 and 18, labelled with Spectrum Blue and Spectrum
Aqua, combined with LSI probes for chromosomes 13, 21, and 22 labelled with Spectrum Red,
Green and Gold, respectively (Multivysion PB kit, Vysis, USA).
7ZRURXQGVRIÀYHFRORXU),6+ZHUHDSSOLHGWRHDFKEODVWRPHUHRUHPEU\R,QWKHÀUVWURXQG
FISH was performed for chromosomes 1 (aqua), 7 (blue), 15 (red), X (yellow) and Y (green). A
\HOORZ VLJQDO ZDV REWDLQHG E\ PL[LQJ HTXDO YROXPHV RI JUHHQ DQG UHG ÁXRUHVFHQFH SUREHV $
hybridization mixture was made, containing 1.0 ng of each labelled probe in 50% formamide,
GH[WUDQVXOSKDWH7ZHHQDQGðVWDQGDUGVDOLQHFLWUDWH 66&S+ LQDÀQDOYROXPH
of 10Pl. Per slide, 0.5 μl hybridization mixture was applied. Blastomere and probe DNA were
denatured simultaneously at 75qC for 3 min and allowed to hybridize in a humid box (containing
50% formamide in 2×SSC, pH 7.2) at 37qC for 2 h. After hybridization, the coverslips were removed
and slides were washed in 2×SSC/0.05% Tween 20 for 2 min at 42qC, then in 0.1xSSC for 6 min
at 60qC and in 2×SSC/0.05% Tween 20 for 2 min at room temperature. The slides were allowed
to air dry and mounted in Vectashield antifade medium (Vector Laboratories, USA), or in later
experiments in Vectashield containing 1.25 ng/ml 4’,6-diamidino-2-phenylindole (DAPI). Slides
ZHUH H[DPLQHG ZLWK D =HLVV $[LRSODQ  LPDJLQJ HSLÁXRUHVFHQFH HTXLSSHG PLFURVFRSH XVLQJ
DSSURSULDWH ÀOWHUV ,PDJHV ZHUH FDSWXUHG ZLWK WKH 3RZHUJHQHTM Macprobe system (Applied
,PDJLQJ ,QWHUQDWLRQDO /WG 8.  RU LQ ODWHU H[SHULPHQWV ZLWK WKH ,6,6 ),6+ ,PDJLQJ 6\VWHP
0HWD6\VWHPV *HUPDQ\  $IWHU WKH ÀUVW K\EULGL]DWLRQ URXQG DQWLIDGH PHGLXP ZDV UHPRYHG
with two washes in 2×SSC/ 0.05% Tween 20 for 5 min at room temperature. The slides were
dehydrated and the probemix for the second round was applied. The slides were denatured for
6 min at 69qC and allowed to hybridize overnight. Slides were washed in 2×SSC/0.05% Tween
20 for 2 min at 42qC, then in 0.6×SSC/0.05% Tween 20 for 6 min at 60qC and in 2×SSC/0.05%
Tween 20 for 2 min at room temperature. The slides were allowed to air-dry and mounted in
Vectashield antifade medium. Signals from the second round were recorded and compared with
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WKH RQHV IURP WKH ÀUVW URXQG WR HQVXUH WKH\ KDG QRW SHUVLVWHG )RU ERWK URXQGV ZH XVHG WKH
scoring criteria previously published (Munné et al.E 7KHHIÀFLHQF\RIWKH),6+SUREHVZDV
tested on uncultured peripheral lymphocyte spreads from two men and two women with normal
karyotypes. Slides were prepared according to standard protocols and they were hybridized using
the same protocol as for the embryonic cells. Signals were counted in 200 nuclei. In addition, the
positions of 16 individual nuclei were recorded and images were obtained after each round to
check for persisting signals.
,QWHUSUHWDWLRQRI),6+VLJQDOVDQGGHÀQLWLRQV

Based on the analysis of two blastomeres per embryo, we classed day 3 embryos as normal (both
nuclei showing the normal amount of signals for the chromosomes investigated), mosaic (one
normal nucleus and one abnormal or each nucleus showing a different abnormality) or aneuploid
(both nuclei carrying the same abnormality). After analysis of all the cells from each embryo on
GD\ZHFKRVHWKHIROORZLQJGHÀQLWLRQVRQWKHEDVLVRIWKHUHVXOWVREWDLQHG:HFODVVHGHPEU\RV
as normal (t80% normal nuclei and <10% of the nuclei with the same chromosome abnormality),
aneuploid (t90% of nuclei showing the same abnormality) or mosaic (between 10% and 90% of
WKHFHOOVVKRZLQJWKHVDPHFKURPRVRPHDEQRUPDOLW\ (PEU\RVZLWKKDSORLGWHWUDSORLGRU
triploid nuclei were classed as such. However, we considered the occurrence of some tetraploid
cells as a normal phenomenon of in vitro cultured embryos (Evsikov and Verlinsky, 1998, Bielanska
et al., 2002) and treated them as normal cells.
$GLDJQRVLVRIQRUPDODQHXSORLGRUPRVDLFRQGD\ZDVFRQVLGHUHGWREHFRQÀUPHGRQGD\
5 if normal, aneuploid or mosaic results were recovered on day 5, respectively. The diagnosis
ZDVFRQVLGHUHGF\WRJHQHWLFDOO\FRQÀUPHGLIWKHVDPHFKURPRVRPDODEQRUPDOLWLHVVHHQRQGD\
3 were observed on day 5. Furthermore, if aneuploidy was diagnosed on day 3 and a substantial
SURSRUWLRQ a RIWKHFHOOVRQGD\VKRZHGWKHVDPHFKURPRVRPDODEQRUPDOLW\WKHGLDJQRVLV
ZDVFRQVLGHUHGF\WRJHQHWLFDOO\FRQÀUPHGDVZHOO

5HVXOWV
Control lymphocytes

7KHSUREHVZHUHWHVWHGIRUK\EULGL]DWLRQHIÀFLHQF\RQO\PSKRF\WHVSUHDGVIURPWZRPDOHVDQG
WZRIHPDOHVLQQXFOHL7KHK\EULGL]DWLRQHIÀFLHQFLHVIRUWKHLQGLYLGXDOSUREHVZHUHFDOFXODWHG
as the percentage of nuclei showing the expected number of signals and ranged between 93 and
)XUWKHUPRUHRIWKHQXFOHLVKRZHGWKHQRUPDODPRXQWRIVLJQDOVIRUDOOÀYHSUREHV
LQWKHÀUVWURXQGDQGLQWKHVHFRQGURXQG1RSHUVLVWLQJVLJQDOVIURPWKHÀUVWURXQGZHUH
observed in the second round.
(PEU\RELRSV\DQGFXOWXUH

After thawing, embryos were scored (average morphology score: 2.4) and 29 embryos were
considered suitable for biopsy, based on the number of blastomeres. Only two embryos showed
< 10% fragmentation. From 21 embryos, two blastomeres could be biopsied and spread (Tables
DQG )URPÀYHHPEU\RVRQHRIWKHELRSVLHGEODVWRPHUHVZDVORVWGXULQJWKHVSUHDGLQJ
procedure and a further three embryos consisted of less than seven cells, so in these embryos only
one cell was available for FISH analysis (Table 2.2.3). After the procedure, biopsied embryos
were returned to culture. On day 5, embryos were scored for cleavage stage and morphology
(Tables 2.2.1-3): 14 embryos had developed to the blastocyst stage (48%, average morphology
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VFRUH WKUHHHPEU\RV  ZHUHVWLOODWWKHFHOOVWDJH DUUHVWHGGD\ ÀYHHPEU\RV
(14%) had arrested at compaction (arrested day 4) and seven embryos (24%) had degenerated
to such an extent that no intact blastomeres were available for spreading and they were not
analysed further.
FISH analysis of blastomeres and embryos

The FISH results on day 3 and day 5 and their interpretation are shown in Tables 2.2.1-3. From
the 21 cases where two blastomeres were available for analysis, nine embryos showed concordant
),6+UHVXOWVRQGD\ 7DEOH )URPWKHÀYH  HPEU\RVGLDJQRVHGDVQRUPDOWKUHH
RI WKHVH FRXOG EH FRQÀUPHG DIWHU UHDQDO\VLV RQ GD\  2QH HPEU\R KDG GHJHQHUDWHG DQG WKH
other embryo showed a false negative result: it was mosaic for monosomy 16. From the four
embryos diagnosed as aneuploid or polyploid, the triploid embryo (case 9) had degenerated,
EXWZHFRXOGFRQÀUPWKHRWKHUFDVHV&DVH WULVRP\ GHYHORSHGLQWRDEODVWRF\VWZLWKWKH
same abnormality in all but one cell (Table 2.2.1). In case 7, monosomy 7 was found in almost
 RI WKH FHOOV $OWKRXJK WKH UHVXOWLQJ HPEU\R ZDV FODVVLÀHG DV PRVDLF ZH FRQVLGHUHG WKH
DEQRUPDOLW\WREHF\WRJHQHWLFDOO\FRQÀUPHG)RUFDVHPRQRVRP\ZDVUHFRYHUHGLQDOOEXW
one cell of an otherwise chaotic embryo. The monosomy 18 clearly had a meiotic origin, with the
other chromosomal abnormalities resulting from mitotic events.
The other 12 embryos (57%) showed different results for the two blastomeres and were
considered mosaic (Table 2.2.2). Most mosaic embryos (cases 10-17) showed one normal and one
abnormal blastomere. The other mosaic embryos (cases 18-21) showed two different abnormal
blastomeres. One biopsied blastomere was binucleated, with both nuclei showing different
DEQRUPDOLWLHV FDVH 2QGD\IRXURIWKHVHFDVHVFRXOGEHFRQÀUPHGDVPRVDLF+RZHYHU
in two cases, totally different chromosome abnormalities were involved (cases 12 and 19). In
FDVHPRQRVRP\;ZDVFRQÀUPHGEXWWKHHPEU\RDOVRVKRZHGPRVDLFLVPIRUPRQRVRP\
ZKLFKZDVQRWGHWHFWHGRQGD\,QFDVHPRVDLFPRQRVRP\ZDVFRQÀUPHGRQGD\EXW
monosomy 15 was not recovered. Two embryos had degenerated (cases 18 and 21), and the other
six developed into chromosomally normal embryos.
In all, 17 embryos were available with a diagnosis based on two blastomeres on day 3
DQG FRQÀUPDWRU\ VWXGLHV RQ GD\  ,Q WHQ RI WKHVH  FDVHV WKH LQLWLDO GLDJQRVLV RI QRUPDO n
= 3), aneuploid (n = 3) or mosaic (n    FKURPRVRPH FRQVWLWXWLRQ FRXOG EH FRQÀUPHG RQ GD\
5. However, in only six of these ten cases (three normal, one monosomy 7, one monosomy 18
and one trisomy 1) were cytogenetic results considered concordant. Besides these 10 cases with
D´FRUUHFWµGLDJQRVLVWKHUHZHUHVL[IDOVHSRVLWLYHUHVXOWVDQGRQHIDOVHQHJDWLYHDOOLQYROYLQJ
mosaicism.
From the embryos where only one blastomere was available for FISH analysis, two were
diagnosed as normal and six as abnormal on day 3 (Table 2.2.3). Both normal embryos were
mosaic on day 5. Case 22 showed non-disjunction of chromosome 18 in about half of the cells,
which was not detected on day 3. Case 23 showed non-disjunction of chromosome 16 in a low
percentage of cells. Three abnormal embryos had degenerated on day 5, and after reanalysis of the
RWKHUWKUHHWKHLQLWLDOGLDJQRVLVFRXOGEHFRQÀUPHGRQO\LQFDVHZKLFKVKRZHGVXEVWDQWLDO
PRVDLFLVPIRUWULVRP\6RIURPWKHÀYHFDVHVZKHUHFRQÀUPDWRU\VWXGLHVZHUHDYDLODEOHRQ
GD\RQO\RQHZDVFRQÀUPHG
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Discussion
In the current study, blastomere biopsy was performed of 29 cryopreserved embryos donated
for research followed by reanalysis of the remaining embryo on day 5. This offers the unique
opportunity to study their chromosomal constitution on day 3 and day 5 and to investigate the
developmental capacity of embryos after biopsy of two blastomeres. A good proportion of embryos
(14 out of 26, 54%) developed to the blastocyst stage after biopsy of two blastomeres. This rate is
similar to the blastocyst rate on day 5 of non-biopsied good quality embryos in our laboratory, as
reported previously (54%, Huisman et al. $OWKRXJKODUJHUQXPEHUVDUHQHHGHGWRFRQÀUP
these observations, biopsy of two blastomeres does not seem detrimental to the development of
the embryo.
2XU GDWD FRQÀUP SUHYLRXV UHSRUWV RQ WKH ODFN RI FRUUHODWLRQ EHWZHHQ WKH SUHVHQFH RI
blastomeres with a chromosome abnormality on day 3 and the likelihood of development to the
blastocyst stage (Magli et al., 2001, Sandalinas et al., 2001, Rubio et al., 2003). Extended culture is
no reliable means to select chromosomally normal embryos. This is well illustrated with case 6.
This embryo, although morphologically scored as excellent, appeared to be uniformly trisomic
for chromosome 1 (Figure 2.2.1, Appendix). PGD-AS may therefore be a useful tool in selecting
HPEU\RVZLWKWKHEHVWFKDQFHVIRULPSODQWDWLRQDQGIXUWKHUGHYHORSPHQW7KHHIÀFLHQF\KRZHYHU
depends largely on the predictive value of the results obtained on day 3.
Reanalysis of blastocysts can be a useful tool to investigate how representative the day 3
results are for the remaining embryo (Gianaroli et al., 1999, Veiga et al., 1999; Emiliani et al., 2000,
Magli et al +RZHYHULIDFRQÀUPDWLRQUDWHVKRXOGEHHVWDEOLVKHGLWLVXVHIXOWRGHÀQH
ZKDWFDQEHFRQVLGHUHGFRQÀUPHG)URPDF\WRJHQHWLFSRLQWRIYLHZFRQÀUPDWLRQZRXOGHQWDLO
WKDWWKHFKURPRVRPHFRQVWLWXWLRQRIWKHWZRLQYHVWLJDWHGEODVWRPHUHVLVH[DFWO\UHÁHFWHGLQWKH
cell line(s) found at the blastocyst stage. In the group of embryos with two analysed blastomeres,
we found this to be the case in six out of 17 reanalysed embryos. After analysis of one blastomere,
RQO\RQHRXWRIÀYHJDYHWKHVDPHUHVXOWV+HQFHF\WRJHQHWLFFRQÀUPDWLRQZDVREWDLQHGLQRQO\
32% (7/22).
There are several explanations for this high rate of discordance. Misdiagnosis can occur
because of technical problems related to the FISH procedure, especially when using more probes
simultaneously in successive rounds of FISH. The most extensive FISH screen reported so far,
included probes for nine different chromosomes in two rounds of hybridization (Munné at al.,
1998). We used probes for ten different chromosomes in two rounds of hybridization and found
an overall rate of 84% of lymphocytes to display the normal amount of signals. Although this
VKRZVWKDWWKHSUREHSDQHOVZHXVHGFDQEHFRQVLGHUHGHIÀFLHQWIRUVLPXOWDQHRXVHQXPHUDWLRQRI
the selected chromosomes, it has to be kept in mind that results from lymphocyte nuclei cannot
be directly compared with those from blastomere nuclei. Lymphocyte nuclei are subjected to
H[WHQVLYH À[DWLRQ LQ PHWKDQRO DFHWLF DFLG DQG DUH VPDOOHU DQG PRUH FRPSDFW LQ DSSHDUDQFH
This can increase the likelihood of loss of signal or signal overlap. Furthermore, since most of the
probes used are alpha-satellite probes, signal size can vary due to individual variability in size of
the heterochromatic region. To detect this, lymphocyte nuclei from both parents should be used
as controls. In these experiments, however, that was not possible. So, although FISH artefact may
offer an explanation for the cytogenetic discordance, especially since most of the abnormalities
encountered involved loss of signal, there may be other explanations.
First, the abnormal cell(s) could have been removed by the biopsy procedure, thus leaving
only normal cells or cells with a different chromosome abnormality. Second, from the 29 biopsied
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embryos, 14 embryos showed >10% fragmentation and 13 embryos >20% at the time of biopsy.
Though the origin and the mechanisms of this fragmentation process are still unclear, a strong
association was established between percentage of fragmentation and chromosome abnormalities
(Magli et al., 2001). It has also been shown that fragments can contain chromatin (Jurisicova et
al., 2003) and although highly speculative, this process may provide an explanation for the high
incidence of chromosomal mosaicism involving chromosome loss we encountered at the 8-cell
stage.
,W KDV EHHQ VKRZQ WKDW VLJQLÀFDQW HYLGHQFH RI DSRSWRVLV LV QRW REVHUYHG XQWLO WKH PRUXOD
stage in human embryos (Juriscova et al., 1996; Hardy, 1997, 1999; Hardy et al., 2001). This process
may be responsible for the elimination of cells carrying a chromosome abnormality making the
cell less viable, such as monosomies. So it would be likely for a large part of the aberrant cells to
KDYH GLVDSSHDUHG DW WKH EODVWRF\VW VWDJH WKXV FRQIRXQGLQJ WKH FRQÀUPDWLRQ UDWH $ SUHYLRXV
study performing reanalysis of blastocysts after PGD, indeed reported that correspondence to
the day 3 diagnosis was lowest for monosomies and haploidies (Magli et al., 2000). Furthermore,
other studies showed that a lower percentage of embryos diagnosed with a monosomy developed
to the blastocyst stage compared with normal embryos, or embryos with a trisomy (Sandalinas et
al., 2001, Rubio et al., 2003).
A high incidence of mosaicism on day 3 (57%) and day 5 (50%) was observed in the current
group of cryopreserved embryos. Others described a similar high incidence of mosaicism in
cryopreserved embryos after analysis of entire day 3 embryos (Iwarsson et al., 1999). The possibility
that chromosome abnormalities may actually be induced by the cryopreservation procedure
cannot be excluded. This may explain the poor added value of cryopreservation in IVF programs, as
published recently (de Jong et al., 2002). However, it should be considered that the embryos in the
present study were selected in two ways. First, these embryos have survived the cryopreservation
procedure, where 76% of the embryos degenerated. Second, although of good morphology, all
embryos were surplus in an IVF cycle where the woman became pregnant from the fresh transfer
of embryos. It is feasible that those embryos with a normal chromosomal constitution and thus
the best chances for implantation were by chance selected in this cycle, leaving the embryos with
chromosome abnormalities. Therefore, a direct comparison between fresh and cryopreserved
embryos is needed to see if these abnormalities result from the cryopreservation procedure or are
increased due to selection of a subgroup of embryos.
In the interpretation of the results, we considered the presence of some tetraploid cells to be
a normal feature in preimplantation embryos as also seen in other mammalian species (Benkalifa
et al., 1993). A marked increase in incidence of polyploid cells from day 4 to day 6 of development
was described by others, suggesting that most polyploid cells arise during blastocyst formation
and that they are a hallmark of trophoblast differentiation (Bielanska et al., 2002). Indeed, in
most of our cases with tetraploid cells, only a few cells were involved. Tetraploid cells can even
undergo correction to normal diploid cells (Staessen et al., 1998). However, it cannot be excluded
that a high percentage of tetraploid cells as in case 16 (Table 2.2.2) which arose during one of
WKHÀUVWIRXUSRVW]\JRWLFFHOOGLYLVLRQVZRXOGEHGHWULPHQWDO$OWKRXJKLWKDVEHHQIRXQGWKDW
tetraploid cells are almost exclusively allocated to the trophoblast compartment (Angell et al.,
1987, Benkhalifa et al UHVXOWLQJLQFRQÀQHGSODFHQWDOPRVDLFLVPDVGHWHFWHGE\SUHQDWDO
diagnosis in chorionic villi (Noomen et al., 2001), distribution to the inner cell mass may result in
a non-viable (mosaic) tetraploid fetus.
,IZHFRQVLGHUWKHUHVXOWVREWDLQHGLQWKHSUHVHQWVWXG\IURPDFOLQLFDOYLHZSRLQWFRQÀUPDWLRQ
would be that an embryo diagnosed on day 3 as normal or abnormal is found to be the same after
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analysis on day 5. After analysis of only one blastomere, this was the case for only one embryo
RXWRIÀYH$IWHUDQDO\VLVRIWZREODVWRPHUHVWKHLQLWLDOGLDJQRVLVZDVIRXQGWREHPRVWUHOLDEOH
if the results from both blastomeres were concordant (six out of seven). In case of discordant
UHVXOWVFRQÀUPLQJWKHGLDJQRVLVZDVPRUHFRPSOLFDWHG$OWKRXJKLQLWLDOO\ZHFRQVLGHUHGPRVDLF
eight-cell embryos as abnormal, these data show that 3 out of 12 mosaic embryos became normal
and morphologically good quality embryos. A recent study also showed embryos diagnosed on
day 3 as mosaic to have the same developmental potential as normal embryos, but no reanalysis
was performed (Rubio et al., 2003). More data are needed on reanalysis of mosaic embryos, since
LW PD\ KHOS LQ XQGHUVWDQGLQJ WKH IDWH RI VSHFLÀF FKURPRVRPH DEQRUPDOLWLHV GXULQJ HPEU\R
development. This may eventually help to determine if some mosaic embryos can be considered
safe for transfer.
In conclusion, investigation of two blastomeres allows for a better differentiation between
uniformly diploid, uniformly aneuploid and mosaic embryos. We show here that the chromosome
constitution of mosaic embryos is subject to changes during further development of the embryo.
Thus, the analysis of two blastomeres on day 3 yields a better prediction of the chromosome
constitution on day 5 and the developmental potential of the embryo.
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7DEOH(PEU\RGHYHORSPHQW),6+UHVXOWVDQGLQWHUSUHWDWLRQIURPHPEU\RVZLWKFRQFRUGDQWUHVXOWVDIWHUDQDO\VLVRIWZR
blastomeres on day 3
Day 3

Day 5

Case No.

Morph.
Score a /
no. of cells

FISH
results

Diagnosis

Morphology score/
Cleavage stage

# cells
analysed

FISH results

Interpretation of
FISH results

1

2/8

2N / 2N

Normal

2 / Hatching

48

2N [45]

Normal b

blastocyst

N [2]
4N [1]

2

2 / 12

2N / 2N

Normal

2 / Hatching

59

blastocyst

2N [32]

Mosaic

-16 [18]
-18 [5]
;>@
;>@
-7 [1]
-15 [1]

3

2/8

2N / 2N

Normal

1 / Blastocyst

30

2N [24]

Normal b

;>@
-7 [1]
-13 [1]
-18 [1]
-22 [1]
4

2 / 12

2N / 2N

Normal

3 / Blastocyst

35

2N [25]

Normal b

4N [3]
-13 [2]
-18 [2]
-1 [1]
+15 [1]
>@
5

3/8

2N / 2N

Normal

5 / Degenerated

0

-

6

1/8

+1 / +1

Aneuploid

1 / Hatching

49

+1 [44]

blastocyst

Aneuploid b

>@
>@
4N [1]

7

3 / 10

-7 / -7

Aneuploid

3 / Blastocyst

13

-7 [10]

Mosaic b

2N [1]
4N [2]
8

2/8

-18 / -18

Aneuploid

5 / Arrested day 3

6

>@

Aneuploid/

;>@

Chaotic b

<
-18 [1]
N [1]
>@

+22 [1]
9

3/8

a0RUSKRORJ\VFRUH

3N / 3N

7ULSORLG

5 / Degenerated

0

-

H[FHOOHQW JRRG DYHUDJH SRRUTXDOLW\

b&DVHVZLWKF\WRJHQHWLFFRQÀUPDWLRQ
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7DEOH(PEU\RGHYHORSPHQW),6+UHVXOWVDQGLQWHUSUHWDWLRQIURPHPEU\RVZLWKGLVFRUGDQWUHVXOWVDIWHUDQDO\VLVRIWZR
blastomeres on day 3.

Case No.

Day 3
FISH results

Diagnosis

2N / +13

Mosaic

Morphology score/
Cleavage stage
1 / Hatching
blastocyst

Day 5
# cells
analysed
33

10

Morph. score/
no. of cells
2/8

11

2/8

1;

Mosaic

3 / Blastocyst

26

12

2/8

1

Mosaic

4 / Blastocyst

27

13

2 / 12

2N / -21

Mosaic

1 / Hatching
blastocyst

52

14

2 / 10

2N / -21

Mosaic

1 / Hatching
blastocyst

175

15

2/8

1

Mosaic

4 / Arrested day 4

12

16

3/8

2N / -16

Mosaic

5 / Arrested day 4

14

17

3/7

1

Mosaic

5 / Arrested day 4

9

18
19

3 / 10
3/8

1;
4N /
<

Mosaic
Mosaic

5 / Degenerated
3 / Blastocyst

0
20

20

2 / 10

1

Mosaic

5 / Arrested day 4

14

21

2/7




Mosaic

5 / Degenerated

0
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FISH results
2N [27]
4N [1]
;>@
+1 [1]
-16 [1]
-18 [1]
>@
2N [8]
-16 [10]
;>@
-15 [1]
>@
2N [14]
-13 [4]
-21 [3]
>@
>@
+13 [1]
-22 [1]
>@
2 N [40]
4N [6]
-18 [4]
+18 [1]
;>@
2N [155]
-18 [11]
-15 [7]
-16 [2]
2N [9]
4N [2]
-15 [1]
2N [8]
4N [6]
2N [2]
4N [1]
-1 [5]
+1 [1]
2N [12]
-13 [5]
-18 [3]
2N [9]
N [1]
4N [3]
>@
-

Interpretation of
FISH results
Normal

Mosaic

Mosaic

Normal

Normal

Normal

Normal
Mosaic

Mosaic

Normal
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7DEOH(PEU\RGHYHORSPHQW),6+UHVXOWVDQGLQWHUSUHWDWLRQIURPHPEU\RVDIWHUDQDO\VLVRIRQHEODVWRPHUHRQGD\
Day 3

Day 5

Case
No.

Morph. score/
no. of cells

FISH results

Diagnosis

Morphology score/
Cleavage stage

# cells
analysed

FISH results

Interpretation of
FISH results

22

1/8

2N

Normal

1 / Hatching

98

2N [54]

Mosaic

blastocyst

-18 [32]
+18 [11]
;>@

23

2 / 10

2N

Normal

5 / Arrested day 3

17

2N [11]

Mosaic

+16 [2]
-16 [2]
-15 [1]
;>@
24

3 / 12

+18

Aneuploid

4 / Blastocyst

31

2N [5]

Mosaic

+18 [22]
+15[1]
>@
;>@
>@
25

3/8

-18

Aneuploid

5 / Arrested day 3

3

2N [2]

26

3/7

;

Aneuploid

5 / Arrested day 4

9

2N [9]

27

3/5

3N

7ULSORLG

5 / Degenerated

0

-

28

3/6



Aneuploid

5 / Degenerated

0

-

29

4/5

;

Aneuploid

5 / Degenerated

0

-

Mosaic

-7 [1]
Normal
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Section 2.3

Preimplantation genetic screening reveals a high incidence
of aneuploidy and mosaicism in embryos from young women
undergoing IVF

Introduction
The advent of IVF as a treatment for infertility has created the opportunity to study the
chromosomal constitution of human preimplantation embryos. An increasing body of evidence
suggests that the incidence of chromosomal abnormalities in embryos is extremely high (as
reviewed by Macklon et al., 2002; Wilton, 2002) and good embryo morphology does not necessarily
exclude an abnormal chromosomal constitution (Magli et al., 2000; Voullaire et al., 2000; Wells
and Delhanty, 2000; Magli et al., 2001; Sandalinas et al., 2001). Since aneuploidies are considered
the main cause of embryonic wastage and loss, this phenomenon may be primarily responsible for
the relatively poor pregnancy rates reported after IVF, as well as the poor fertility performance of
humans in vivo (Delhanty, 2001).
The introduction of FISH for preimplantation genetic diagnosis has enabled screening of
embryos for chromosomal aneuploidies before transfer. This preimplantation genetic screening
(PGS) would be of special interest for couples that are thought to have a higher risk of developing
chromosomally abnormal embryos, with the aim of improving their chances for an ongoing
pregnancy after IVF. Although PGS is offered in many IVF centres around the world, its clinical
value remains uncertain. A positive effect on implantation and ongoing pregnancy rates in a group
of patients with advanced maternal age has been observed in retrospective studies (Munné et al.,
1999, 2003). However, a recent prospective randomized study failed to show a positive effect of
PGS on clinical outcome per initiated cycle in patients with advanced maternal age (Staessen et al.,
2004). Other indications for which PGS has been proposed include recurrent implantation failure
DQGUHFXUUHQWPLVFDUULDJH$JDLQFOLQLFDOEHQHÀWVKDYHQRW\HWEHHQFRQYLQFLQJO\GHPRQVWUDWHG
(Gianaroli et al., 1999; ESHRE PGD Consortium Steering Committee, 2002; Pehlivan et al., 2003;
Rubio et al., 2003; Platteau et al., 2005).
6WXGLHVWHVWLQJWKHHIÀFLHQF\RI3*6KDYHVRIDUXVHGFOLQLFDOSDUDPHWHUVVXFKDVLPSODQWDWLRQ
rates and ongoing pregnancies as outcome measures. However, it has not yet been demonstrated
that the screening of one or two blastomeres obtained from an eight-cell embryo for the presence
of aneuploidies will provide a reliable prediction of the chromosomal status of the remaining
embryo. An important factor affecting the reliability of the diagnosis is the phenomenon of
mosaicsm in embryos (Los et al., 2004). Reanalysis of blastocysts can be a useful tool to investigate
whether FISH results from blastomeres obtained from day 3 embryos are representative for the
remaining embryo (Gianaroli et al., 1999; Veiga et al., 1999; Emiliani et al., 2000; Magli et al., 2000).
In a previous study, we have biopsied frozen-thawed good quality embryos and performed FISH
analysis for 10 chromosomes (Baart et al., 2004b). After biopsy, the embryos were cultured until
day 5 and subsequently reanalysed using the same probe panels. We observed a high percentage of
mosaic embryos on day 3 (57%) and found that the chromosomal constitution of these embryos is
subject to changes during development to the blastocyst stage. This yielded mostly false positive
UHVXOWVDQGDORZFRQÀUPDWLRQUDWHFRQÀUPLQJRXUVXVSLFLRQWKDWFKURPRVRPDOPRVDLFLVPDWWKH
eight cell stage poses a serious problem when performing PGS.
PGS has been mostly applied to women of advanced maternal age or with an indication,
such as recurrent implantation failure or recurrent miscarriage. Moreover, in most of the studies
mentioned above, the diagnosis has been based on the biopsy of only one blastomere. Therefore,
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only limited data are available concerning the incidence of chromosomal abnormalities and
HVSHFLDOO\PRVDLFLVPLQHPEU\RVRI\RXQJHU,9)SDWLHQWV \UV ZLWKQRVSHFLÀFLQGLFDWLRQ
for PGS. In order to assess the frequency of aneuploidy and mosaicism in embryos obtained
from such a group of women, we performed PGS using FISH for 10 different chromosomes (1,
7, 13, 15, 16, 18, 21, 22, X and Y) on day 3 embryos after biopsy of two blastomeres. Furthermore,
the impact of chromosomal mosaicism on the accuracy of the day 3 diagnosis was studied.
(PEU\RVGLDJQRVHGDVQRUPDODQGRIPRUSKRORJLFDOVXIÀFLHQWTXDOLW\ZHUHHLWKHUWUDQVIHUUHGRU
FU\RSUHVHUYHGRQGD\7KRVHHPEU\RVGLDJQRVHGDVDEQRUPDORUQRUPDOHPEU\RVRILQVXIÀFLHQW
quality, were cultured further until day 5 to study the developmental capacity of the embryo.
The embryo was subsequently completely analysed by FISH and the reliability of the diagnosis
was evaluated by comparing the results obtained on day 3 with the chromosome constitution
of the embryo on day 5.

Materials and methods
Patients and embryos

Between November 2002 and August 2004, preimplantation embryos were obtained from
couples participating in an ongoing study on PGS. The present study was designed to investigate
WKHLQFLGHQFHRIFKURPRVRPDODQHXSORLGLHVLQHPEU\RVIURP\RXQJ,9)SDWLHQWVZLWKQRVSHFLÀF
indication for PGS Prior to commencing the study, ethical approval was received from the Dutch
Central Committee on Research Involving Human Subjects (CCMO) and the local institutional
ethics committee. Only women aged <38 years and with a partner with normal semen characteristics
were invited to participate in the study and written informed consent was obtained from each
couple. Additional inclusion criteria included (i) a history of regular menstrual cycles, ranging
from 25-35 d; (ii) a bodymass index of 19-29 kg/m2; (iii) no known karyotype abnormalities, and
(iv) no history of recurrent abortions. Couples could participate in the study for one cycle only.
Ovarian stimulation, oocyte retrieval and IVF procedures were performed as described previously
(Huisman et al., 2000; Hohmann et al., 2003). Before the biopsy procedure, the embryos were scored
for quality and number of blastomeres. Embryo quality scores were assigned according to previously
described criteria (Huisman et al., 2000; Hohmann et al., 2003). Biopsied embryos were cultured until
day 4, by which time FISH analysis was completed. Only embryos that were diagnosed as normal
DQG RI VXIÀFLHQW PRUSKRORJLFDO TXDOLW\ ZHUH WUDQVIHUUHG ZLWK D PD[LPXP RI WZR HPEU\RV SHU
patient. Remaining good quality, normal embryos were cryopreserved on day 4. Embryos diagnosed
DVDEQRUPDORURILQVXIÀFLHQWTXDOLW\ZHUHFXOWXUHGXQWLOGD\VFRUHGIRUPRUSKRORJ\DQGWKHHQWLUH
HPEU\RZDVÀ[HGIRU),6+DQDO\VLV
%LRSV\SURFHGXUHDQGÀ[DWLRQRIEODVWRPHUHVDQGHPEU\RV

The biopsy procedure was performed on day 3 after fertilization as described previously (Baart
et al., 2004b). In short, embryos were washed and then incubated in EB-10 medium and later in
the study, G-PGD medium (both Vitrolife, Göteborg, Sweden) for 5 min at 37qC. One blastomere
ZDVELRSVLHGLIWKHHPEU\RFRQVLVWHGRIÀYHRUVL[FHOOVDQGWZREODVWRPHUHVLIWKHHPEU\RKDGDW
least seven cells. The biopsied embryos were returned to normal culture conditions. The removed
EODVWRPHUHV ZHUH À[HG DV GHVFULEHG SUHYLRXVO\ 'R]RUWVHY DQG 0F*LQQLV   ZLWK VRPH
PRGLÀFDWLRQV %DDUWet al., 2004a). In short, the blastomere nucleus was isolated with spreading
solution (0.01 N HCl/ 0.1% Tween 20; Coonen et al., 1994; Harper et al., 1994) and subsequently
À[HGZLWKIUHVKO\PDGHÀ[DWLYH PHWKDQRODFHWLFDFLG :KROHVXUSOXVHPEU\RVZHUHÀ[HGLQ
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the same way, only now a wash in spreading solution was also used to dissolve the zona pellucida,
before transferring the embryo to the slide.
FISH procedure

A two round FISH procedure was performed as described previously (Baart et al., 2004a), allowing
the detection of chromosomes X, Y, 1, 7, 13, 15, 16, 18, 21 and 22. The DNA probes used in the
ÀUVWURXQGZHUHFHQWURPHUHSUREHVIRUFKURPRVRPHV S8&&RRNHDQG+LQGOH\ 
(pD7t1; Waye et al., 1987), 15 (pTRA-20; Choo et al., 1990), X (pBamX5; Willard et al., 1983) and a
Y chromosome heterochromatin probe (RPN1305X; Lau, 1985). The probes for chromosomes 1, 7,
DQG<ZHUHODEHOOHGZLWK3DFLÀF%OXH$OH[D)OXRU$OH[D)OXRUDQG$OH[D)OXRU
respectively. The probe for the X chromosome was labelled with both Alexa Fluor 488 and Alexa
)OXRUUHVXOWLQJLQD\HOORZÁXRUHVFHQFH7KH'1$SUREHVXVHGLQWKHVHFRQGURXQGZHUH
centromere probes for chromosome 16 and 18, labelled with Spectrum Aqua and Spectrum Blue,
combined with LSI probes for chromosomes 13, 21, and 22 labelled with Spectrum Red, Green
and Gold, respectively (Multivysion PB kit, Vysis, Downers Grove, IL, USA). Signals from the
VHFRQGURXQGZHUHUHFRUGHGDQGFRPSDUHGZLWKWKHRQHVIURPWKHÀUVWURXQGWRHQVXUHWKH\KDG
not persisted.
As most of the probes used are repetitive DNA probes, signal size can vary due to individual
variability in size of the heterochromatic region. To detect this, lymphocyte nuclei from both
parents were used as controls. Slides were prepared from blood samples according to standard
protocols and they were hybridized using the same two-round FISH protocol as for the embryonic
cells. Signals were observed in 10 nuclei from each parent and images were obtained after each
URXQGWRFKHFNIRUSHUVLVWLQJVLJQDOV3UREHK\EULGL]DWLRQHIÀHQF\RQO\PSKRF\WHQXFOHLZDV
IRUWKHÀUVWURXQGRIK\EULGL]DWLRQDQGIRUWKHVHFRQGURXQG %DDUWet al., 2004a).
Microscopy and interpretation of FISH results

6OLGHVZHUHH[DPLQHGZLWKD=HLVV$[LRSODQLPDJLQJHSLÁXRUHVFHQFHPLFURVFRSHHTXLSSHGZLWK
DSSURSLDWHÀOWHUV %DDUWet al., 2004a). Images were captured with the ISIS FISH Imaging System
(MetaSystems, Altlussheim, Germany). For enumeration of the signals after both rounds, we used
scoring criteria previously published (Munné et al., 1998b). Interpretation of the FISH results from
VLQJOHEODVWRPHUHVDQGHPEU\RVZDVGRQHDFFRUGLQJWRWKHGHÀQLWLRQVSXEOLVKHGSUHYLRXVO\ZLWK
VRPH PRGLÀFDWLRQV %DDUW et al., 2004b). Based on the analysis of two blastomeres per embryo,
ZHFODVVLÀHGGD\HPEU\RVDVQRUPDO ERWKQXFOHLVKRZLQJWKHQRUPDOQXPEHURIVLJQDOVIRUWKH
chromosomes investigated), aneuploid (both nuclei carrying the same chromosome abnormality),
abnormal/normal mosaic (one normal nucleus and one abnormal) or abnormal/abnormal mosaic
(each nucleus showing one or more different chromosome abnormalities). If only one blastomere
was available for diagnosis, the embryo was classed as normal or aneuploid based on the FISH result
IURPWKLVQXFOHXV,IDEODVWRPHUHVKRZHGDQHXSORLG\IRUWZRRUPRUHFKURPRVRPHVLWZDVGHÀQHG
as double or multiple aneuploidy respectively.
$IWHUDQDO\VLVRIGD\HPEU\RVZHFODVVLÀHGWKHPDVQRUPDO aQRUPDOQXFOHLDQGPRUH
LPSRUWDQWO\RIWKHQXFOHLZLWKWKHVDPHFKURPRVRPHDEQRUPDOLW\ DQHXSORLG RI
the nuclei showing the same abnormality) or mosaic (>10% and <90% of the cells showing the
VDPHFKURPRVRPHDEQRUPDOLW\ (PEU\RVZLWKKDSORLGWHWUDSORLGRUWULSORLGQXFOHLZHUH
classed as such. However, we considered the occurrence of some tetraploid cells as a normal
phenomenon of in vitro cultured embryos (Evsikov and Verlinsky, 1998; Bielanska et al., 2002;
Coonen et al., 2004) and treated them as normal cells.
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$QDEQRUPDOGLDJQRVLVPDGHRQGD\ZDVFRQVLGHUHGF\WRJHQHWLFDOO\FRQÀUPHGLIDWOHDVW
one of the chromosomal abnormalities seen on day 3 was recovered in >10% of the cells analysed
on day 5.

5HVXOWV
Clinical results

A total of 60 couples started their IVF cycle within the study period and the clinical results are
summarized in Table 2.3.1. Five cycles were cancelled due to either poor response or ovarian
hyperstimulation. After 55 oocyte retrievals, two cycles showed no fertilization and in seven
cycles none of the embryos were suitable for biopsy on day 3. The 46 cycles where a biopsy could
be performed yielded a total of 323 embryos, from which 224 embryos were suitable for biopsy.
7KHDYHUDJHDJHRIWKHVHZRPHQZDV\HDUV UDQJH 7KLVZDVWKHLUÀUVW  VHFRQG
(11%), third (19%) or fourth IVF cycle (9%).
Biopsy and diagnosis on day 3

A total of 178 embryos consisted of at least seven blastomeres, enabling two cells to be biopsied
(79%), and from the remaining 46 embryos, only one blastomere could be taken (21%; Table 2.3.1).
From 28 embryos, blastomere(s) were lost during the spreading procedure or the FISH results
were inconclusive, so no diagnosis could be made. From the other 196 embryos, a diagnosis was
obtained based on two cells in 121 embryos (62%) and on one cell in 75 embryos (38%). After
analysis of two blastomeres, the diagnosis was normal for 43 embryos (36%), aneuploid for 17
embryos (14%) and mosaic for 61 embryos (50%), of which 34 (28%) embryos were abnormal/
normal mosaic and 27 embryos (22%) abnormal/abnormal mosaic. After analysis of only one
blastomere, the diagnosis was normal for 27 embryos (36%) and 48 embryos (64%) were found
to be aneuploid.
5HDQDO\VLVRIGD\HPEU\RVDQGLQWHUSUHWDWLRQRI),6+UHVXOWV

After transfer or cryopreservation on day 4, 108 embryos were left for further culture until day
5. On day 5, 49 embryos (45%) had developed to the blastocyst stage. Twenty embryos (19%)
had arrested after (arrested day 4) and 14 embryos (13%) before compaction (arrested day 3). A
further 25 embryos (23%) had degenerated and could not be analysed by FISH.
In total, detailed FISH analysis was performed on 83 embryos, the results of which are
presented in detail in Appendix I. After interpretation of the FISH results from the blastocysts
according to the criteria described, 16 (33%) were found to be normal, 11 (22%) aneuploid and 22
 PRVDLF,QWKHJURXSRIDUUHVWHGHPEU\RVÀYH  ZHUHIRXQGWREHQRUPDODQHXSORLG
(21%) and 22 mosaic (65%). The chromosomal constitution of the day 5 embryo (blastocyst
or arrested) was compared to the original diagnosis on day 3 after analysis of two blastomeres
7DEOH RURQHEODVWRPHUH 7DEOH $VXPPDU\RIWKHFRQÀUPDWLRQUDWHVLVSUHVHQWHG
in Table 2.3.4.
&\WRJHQHWLFFRQÀUPDWLRQRIGD\GLDJQRVLV

Normal day 3 diagnosis:
)RU WKH HPEU\RV GLDJQRVHG DV QRUPDO RQ HLWKHU RQH RU WZR FHOOV ZH IRXQG SRRU FRQÀUPDWLRQ
rates (20 and 43%, respectively; Table 2.3.4), leading to eight cases with a false negative diagnosis
(Table 2.3.2 and 2.3.3). It has to be kept in mind that these embryos, although diagnosed as
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normal, were found to be unsuitable for transfer or cryopreservation on the basis of development
and morphology on day 4.
Aneuploid day 3 diagnosis based on two cells
7KHKLJKHVWFRQÀUPDWLRQUDWHZDVHVWDEOLVKHGIRUHPEU\RVGLDJQRVHGDVDQHXSORLGEDVHGRQWZR
cells. Here, we found only two false positive cases out of 11. Case 10 demonstrated a monosomy X
RQGD\DQGZDVIRXQGWREHQRUPDORQGD\DFFRUGLQJWRRXUGHÀQLWLRQV 7DEOH +RZHYHU
there were four cells present in the embryo with either a monosomy or a trisomy X, so a low level
of mosaicism at the eight cell stage cannot be excluded, in which case we may have biopsied most
of the abnormal cells.
Aneuploid day 3 diagnosis based on one cell:
From the embryos diagnosed as aneuploid based on one cell, nine embryos showed a single
abnormality on day 3, and the same abnormality was recovered in the day 5 embryo in three
cases (56, 57 and 72, Table 2.3.3). A further 15 embryos were diagnosed with double or multiple
DQHXSORLG\ (OHYHQ FDVHV FRXOG EH FRQÀUPHG RQ GD\  DOWKRXJK LQ WHQ FDVHV RQO\ RQH RI WKH
abnormalities seen on day 3 was recovered. Only in case 62 was the exact double aneuploidy
present in all cells of the blastocyst.
Day 3 diagnosis of mosaicism:
After analysis of two cells on day 3, 36 embryos were found to be either abnormal/normal or
DEQRUPDODEQRUPDO PRVDLFV 7DEOH  DQG   2I WKHVH    ZHUH FRQÀUPHG WR EH
mosaic or aneuploid involving the same chromosomal abnormality in cases of single aneuploidy
(e.g. cases 11 and 14) or at least one of the chromosomal abnormalities observed on day 3 in cases
RIGRXEOHRUPXOWLSOHDQHXSORLG\ HJFDVHVDQG 2IWKHHPEU\RVZLWKRXWFRQÀUPDWLRQ
14 presented a normal chromosome constitution on day 5, from which 13 had developed into
blastocysts. One embryo turned out to be triploid on day 5 (case 47) and three embryos were
abnormal/normal mosaics, all involving another abnormal cell line (cases 15, 21, 22). The trisomy
REVHUYHGRQGD\LQFDVHZDVQRWFRQÀUPHGRQGD\EXWLQWHUHVWLQJO\DFHOOOLQHZLWKD
monosomy 7 was observed. It is not unlikely that the trisomy and monosomy 7 were the products
of a non-disjunction event during the second or third cleavage division. Biopsy of the trisomic cell
then left the embryo with the corresponding monosomic cell, next to normal cells.
,IZHORRNDWWKHDEQRUPDODEQRUPDOPRVDLFFDVHVLQPRUHGHWDLO 7DEOH ZHÀQGWKDW
in 19 out 22 cases, multiple aneuploidy was involved. From these mosaic embryos with multiple
aneuploidies, in 12 cases the two blastomeres share the same chromosome abnormality, next to
other abnormalities (cases 24, 25, 27, 29, 33, 34, 35, 36, 49, 50, 51, 53). In eight of these twelve cases
 ZHZHUHDEOHWRFRQÀUPWKHFRPPRQDQHXSORLG\RQGD\
,GHQWLÀFDWLRQRIWKHRULJLQRIFKURPRVRPHDEHUUDWLRQVREVHUYHG

By comparing the day 3 and day 5 diagnosis for each embryo, valuable information on the origin of
the abnormalities observed can be obtained. As mentioned above for embryo 22, there are eleven
further cases where a mitotic non-disjunction event is likely to have occurred before the 8-cell
stage and where the reciprocal product of such an event is recovered on day 5 (Tables 2.3.2 and
2.3.3). However, it can never be excluded that the monosomy and trisomy resulted from two
separate events. With respect to embryos 46 and 71, a non-disjunction event was detected in
the day 5 embryo, where both a monosomic and a trisomic cell line for the same chromosome
were found. Another interesting example is embryo 33, where a cell with a monosomy 7 divided
with non-disjunction for chromosomes 13, 15, 18 and 22. These daughter cells were then biopsied,
probably leaving the embryo with only normal cells.
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In 19 out of 83 cases (23%), a chromosome abnormality was involved that most likely
originated during meiosis (Tables 2.3.2 and 2.3.3). Besides the meiotic chromosome abnormality,
in all of these cases the embryo was additionally hit by one or more mitotic events, such as
anaphase lagging and non-disjunction (see Appendix). An interesting example is embryo 27,
where the results on day 3 and on day 5 are consistent with a chromosome constitution of XXY
from a meiotic event, followed by non-disjunction of one of the X chromosomes during the second
cleavage division (Figure 2.3.1).
Embryos 6 and 7 were both trisomic for chromosome 15 on day 3 and turned out to be mosaic
for the same abnormality on day 5. This chromosome abnormality may, however, have originated
from two different mechanisms. In case 6, trisomy 15 most likely originated postzygotically
through non-disjunction, followed by loss of the monosomy 15 cell line. In contrast, in case 7 the
trisomy 15 most probably arose meiotically, with a post-zygotic loss of the extra chromosome 15
resulting in only 16 % normal cells in the day 5 embryo.

)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRIWKHPRVWOLNHO\RULJLQRIWKHFKURPRVRPDODEQRUPDOLWLHVREVHUYHGLQFDVHRQGD\
3 and day 5 .

Discussion
Here we present the data from good quality human preimplantation IVF embryos after screening
for aneuploidies of 10 different chromosomes on day 3. In addition, for embryos not suitable for
transfer on the basis of the PGS results or poor morphology, subsequent analysis of the entire
embryo on day 5 is also presented. Although the embryos investigated came from a group of
relatively young IVF patients (mean maternal age 33.1 years, range 25-37), we found only 36% of
the embryos to be normal, after analysis of both one or two blastomeres. Interestingly, Staessen
et al., (2004) reported the exact same percentage of normal embryos after PGS on one or two
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blastomeres in a group of older aged patients. So although older women are thought to have a lower
FKDQFHWRSURGXFHFKURPRVRPDOO\QRUPDOHPEU\RVWKLVFRXOGQRWEHFRQÀUPHGE\RXUUHVXOWV
In fact, in 23% of the reanalysed embryos, we observed a chromosome abnormality that most
likely originated during meiosis. Another study reported PGS analysis in a group of women aged
<35 years (Munné et al., 2004b). These patients were undergoing PGS either because they were
carriers of X-linked diseases, because they had two or more previous IVF failures or because of a
previous aneuploid conception. After analysis of a single cell for 6-9 chromosomes, the percentages
of normal embryos were found to be 52%, 47% and 29%, respectively. Comparison with our data
LVGLIÀFXOWVLQFHZHDQDO\VHGWZRFHOOVDQGPRUHFKURPRVRPHVDQGDORZHUSHUFHQWDJHRIQRUPDO
HPEU\RVZRXOGWKHUHIRUHEHH[SHFWHG)XUWKHUPRUHWKHÀUVWJURXSSUREDEO\FRQVLVWHGSULPDULO\
of fertile patients with no indication for IVF. Most of the patients in our study (61%) had their
ÀUVW,9)F\FOHEXWRXUJURXSPD\EHPRUHKHWHURJHQHRXV
We observed a high rate of mosaic embryos after both day 3 (50%) and day 5 analysis (45%
for blastocysts and 65% for arrested embryos). Artefacts of the FISH procedure resulting in
misdiagnosis are one possible explanation for the high rate of chromosomal mosaicism. However,
most of it will represent true abnormalities in a mosaic embryo. This has been elegantly
demonstrated in a recent publication, where they used probes for two different loci on the
same chromosome (Daphnis et al., 2004) and found an error rate caused by artefacts of 5% per
nucleus. Furthermore, other studies, using techniques other than FISH, also described mosaicism
in preimplantation embryos. This phenomenon was reported after performing conventional
karyotyping on day 2 or 3 embryos (Jamieson et al., 1994). Comparative genomic hybridization
(CGH) offers the advantage of allowing all the chromosomes to be analysed. Two groups using
&*+RQDVPDOOQXPEHURIHPEU\RVFRQÀUPHGWKHKLJKUDWHVRIPRVDLFLVPREVHUYHGE\),6+
(Wells and Delhanty, 2000; Voullaire et al., 8VLQJVLQJOHFHOOPXOWLSOH[ÁXRUHVFHQW
)/ 3&5PRVDLFLVPRIWULVRP\ZDVFRQÀUPHGLQGD\HPEU\RVGLDJQRVHGDVDQHXSORLGIRU
FKURPRVRPHE\),6+ .DW]-DIIHet al., 2004). This technique demonstrated a mitotic origin
of trisomy 21 in half of the embryos investigated. Recently, a direct insight into the mechanisms
leading to mosaicism has been provided in a study using confocal laser scanning microscopy in
embryos immunolabelled with antibodies against tubulin (Chatzimeletiou et al., 2005). They
observed various spindle abnormalities including abnormal shape and chromosome loss from the
spindle, presumably leading to chromosome malsegregation to the daughter cells.
Although mosaicism is now becoming a well accepted phenomenon in preimplantation
HPEU\RVLWVLPSOLFDWLRQVIRU3*6UHTXLUHPRUHDWWHQWLRQ7KHSUHVHQWVWXG\SURYLGHVWKHÀUVW
detailed reanalysis data of embryos analysed by PGS and clearly demonstrates the impact
of mosaicism on the reliability of the PGS diagnosis. Our results show that the chromosomal
FRQVWLWXWLRQRIWKHHPEU\RRQGD\LVE\QRPHDQVÀ[HG7KHÀUVWFHOOGLYLVLRQVPD\EHVXFFHVVLYHO\
hit by mitotic events leading to chromosome loss as well as chromosome gain, as hypothesized by
Los et al., (2004). These abnormal cell divisions can persist as long as the embryonic genome is not
fully active and cell cycle control is absent. So, mechanisms such as non-disjunction and anaphase
lagging are responsible for the high percentage of mosaicism as observed in 8-cell embryos and in
blastocysts (Coonen et al., 2004; Daphnis et al., 2004).
Reanalysis on day 5 can be used to investigate the reliability of the day 3 diagnosis. This
KDVEHHQXVHGE\VHYHUDOJURXSVDQGYHU\KLJKFRQÀUPDWLRQUDWHVKDYHEHHQUHSRUWHG 0DJOLet
al., 2000; Gianaroli et al., 2001; Sandalinas et al., 2001; Emiliani et al., 2004; Staessen et al., 2004).
+RZHYHUYHU\IHZGHWDLOVZHUHJLYHQDVWRZKDWZDVFRQVLGHUHGFRQÀUPHG,QWKHFXUUHQWVWXG\
ZH FRQVLGHUHG WKLV IURP D F\WRJHQHWLF SRLQW RI YLHZ VR FRQÀUPDWLRQ HQWDLOV WKH FKURPRVRPH
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FRQVWLWXWLRQRIWKHLQYHVWLJDWHGEODVWRPHUHVWREHUHÁHFWHGLQWKHHPEU\RDIWHUDQDO\VLVRQGD\
 ,Q WKH FXUUHQW JURXS RI HPEU\RV WKLV ZDV WKH FDVH IRU RQO\  &RQÀUPDWLRQ UDWHV FRXOG
also be established from a clinical viewpoint, i.e. the embryo was correctly replaced or discarded
after a normal or abnormal diagnosis. However, since it is not known how many diploid cells an
embryo needs to be able to develop into a healthy child, this is impossible to determine for mosaic
embryos.
:H IRXQG WKH EHVW FRQÀUPDWLRQ UDWH DIWHU D GLDJQRVLV EDVHG RQ WZR FHOOV ZKHUH ERWK
blastomeres showed the same chromosomal abnormality, either as a single aneuploidy or in
combination with other abnormalities. In these embryos the aneuploidy most likely arose during
PHLRVLV RU IHUWLOL]DWLRQ ,Q FRQWUDVW DIWHU D PRVDLF GLDJQRVLV WKH FRQÀUPDWLRQ UDWH ZDV ORZ
Especially from the 26 mosaic day 3 embryos that had developed into blastocysts on day 5, half of
WKHHPEU\RVWXUQHGRXWWREHFKURPRVRPDOO\QRUPDODWWKDWSRLQW,QOLQHZLWKWKHVHÀQGLQJVD
GLDJQRVLVEDVHGRQRQHFHOO\LHOGHGSRRUFRQÀUPDWLRQUDWHVVLQFHDGLVWLQFWLRQEHWZHHQPRVDLFLVP
and an abnormality from a meiotic origin can not be made after analysis of one cell.
$QRWKHUSRLQWIRUFRQVLGHUDWLRQLVWKHLPSDFWRIWKHELRSV\SURFHGXUHLWVHOIRQWKHFRQÀUPDWLRQ
rate, since the removal of blastomeres changes the constitution of a mosaic embryo. When a
biopsy of two cells is performed, two blastomeres lying next to each other are removed. The
ELRSV\LVWKHUHIRUHQRWUDQGRPDQGWKHFKDQFHRIUHPRYLQJWKHUHFLSURFDOGDXJKWHUFHOOVLVa
:HIRXQGVHYHUDOH[DPSOHVLQZKLFKWKHELRSV\RIWZRDEQRUPDOEODVWRPHUHVPD\KDYH´FXUHGµ
the embryo, yielding a grossly normal embryo on day 5.
Because of the biological phenomenon of mosaicism, PGS at the 8-cell stage will never be
fully reliable. Even if the diagnosis is based on two cells, they are removed from the embryo and
the chromosomal constitution of the remaining blastomeres is not known. Moreover, because
of the compromised functioning of cell cycle check points, the remaining embryo can continue
to change cytogenetically until the embryonic genome becomes fully active, probably at the
blastocyst stage (Wells et al., 2005). The developmental potential of mosaic embryos will depend
on the proportion of normal cells (Bielanska et al., 2002). Although the general consensus is that
embryos with <50% normal cells would be unlikely to survive beyond the implantation stage, this
is impossible to assess. Therefore, no matter how many improvements are made to the technique
of aneuploidy detection, it will be impossible to predict with 100% certainty the chromosomal
status of the embryo at the time of transfer and beyond by performing genetic analysis at the
eight-cell stage. A better understanding of the fate of mosaic embryos is needed before these
embryos can be considered for transfer. Until this is resolved, PGS may result in good embryos
being discarded or in chromosomally abnormal embryos being replaced.
In conclusion, reanalysis by means of FISH of the embryos on day 5 provides an improved
understanding of the fate of abnormal blastomeres during embryo development and a valuable
insight into the mechanisms of aneuploidy formation. We show that PGS after analysis of two
blastomeres is effective in detecting abnormal embryos resulting from a meiotic non-disjunction
event. Although current techniques of PGS result in limited accuracy, PGS may still offer an
additional marker for embryo quality, and can thus contribute to an overall positive effect on
ongoing pregnancy rates (Munné et al., 1999; Munné et al., 2003).
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7DEOH&OLQLFDO,9)UHVXOWVDQG),6+GLDJQRVLVEDVHGRQRQHRUWZREODVWRPHUHVREWDLQHGIURPGD\HPEU\RV

Started cycles

60

No. of cycles with:
Oocyte retrieval
Fertilization failure
,QVXIÀFLHQWGHYHORSPHQWRIHPEU\RV
Biopsy
No. of embryos obtained
No. of embryos biopsied
No. of embryos diagnosed
No. of embryos diagnosed based on 2 cells
Normal
Aneuploid
Abnormal/ normal mosaic
Abnormal/ abnormal mosaic
No. of embryos diagnosed based on 1 cell
Normal
Abnormal

55
2
7
46
323
224 (69)
196 (88)
121 (62)
43 (36)
17 (14)
34 (28)
27 (22)
75 (38)
27 (36)
48 (64)

Values in parentheses are percentages
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7DEOH(PEU\RGHYHORSPHQW),6+UHVXOWVDQGLQWHUSUHWDWLRQIURPHPEU\RVDIWHUDQDO\VLVRIWZREODVWRPHUHVRQGD\
)RUDGHWDLOHGSUHVHQWDWLRQRIWKH),6+UHVXOWVRQGD\VHHDSSHQGL[, 

Case
no.

Day 3

Day 5

MorFISH results
phology
scorea/
No. of
cells

# cells
% of
Interpretation of FISH results
analysed normal
cells

&RQÀUPHG

51

Normal

+

Embryos reaching the blastocyst stage
Normal
1

3 / 10

2N / 2N

73%

2

2/7

2N / 2N

15

80%

Mos mon7/2N

-

3

2/9

2N / 2N

58

78%

Mos mon21/2N

-

Aneuploid
4

2/8

;;

18

56%

0RVPRQ;1 ;<

+

5e

2/8

-22 / -22

41

0%

Mon 22

+

6

2/8

+15 / +15

43

79%

Mos tris15/2N

+

7e

3/8

+15 / +15

57

16%

Mos tris15/2N

+
+

8e

2 / 10

+22 / +22

26

0%

7ULV

9

2/8

3N / 3N

19

0%

7ULSORLG

+

10

2/8

;;

38

71%

1RUPDO ;<

-

11

2/8

-16/2N

64

84%

Mos mon16/2N

+

12

2/8

-16/2N

66

83%

Mos mon16/2N

+

13

2/8

-16/2N

17

47%

Mos mon15/mon16/mon13/
;1 ;< 

+

14 e

1 / 10

+22/2N

62

10%

7ULV

+

15

2 / 12

;1 ;<

30

73%

0RVPRQ1 ;<

-

Abnormal/ normal mosaic

16

1/8

+7/2N

76

88%

Normal

17

2/8

+15/2N

81

100%

Normal

-

18

2/8

+21/2N

61

89%

Normal

-

19

2/8

-15/2N

34

94%

Normal

-

20

2/8

1

48

92%

Normal

-

21

2/8

-7 / -21

38

82%

Mos mon15/2N

-

22 d

2/9

+7 /-1

38

74%

Mos mon7/2N

-

23

2/8

+13 / -21

52

94%

Normal

-

Mos tris22WULV
WULVPRQWULV

+
+

Abnormal/ abnormal mosaic (single aneuploidy)

Abnormal/ abnormal mosaic (multiple aneuploidies)
24 e

2/8

25 e
26

22

20

10%

2/7



40

0%

Mon 21

2/8

21

27

52%

Mos tris15 and mon 21/tris15/2N +b

27 GH 2 / 7

;;;<XXY

49

27%

0RVDLF;<XXY

+b

28 GH 2 / 8

+1XXX16

23

0%

Mos trisX,16/tris16/
tris116

+b
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29

1/8

;1616 50

76%

Mos mon16/2N

+b

30

2/8



27

100%

Normal

-

31

2/8

;2

52

94%

1RUPDO ;;

-

32

1/8

;;;1

32

63%

1RUPDO ;;

-

33

2/8




127

87%

Normal

-

34

2/8

;;<;;<

103

91%

1RUPDO ;<

-

35

2/8

1

28

82%

Normal

-

36

2/8



32

94%

Normal

-

Embryos arrested at day 3 or 4
Normal
37

1/8

2N / 2N

22

91%

Normal

+

38

2/8

2N / 2N

11

82%

Normal

+

39

3/8

2N / 2N

6

0%

Mos Near 4NcPRQ;PRQ
PRQ

-

40

2/8

2N / 2N

10

0%

Near tetraploidc

-

8

38%

Mos 4N/N/multiple aneuploidy
(incl. mon22 in 25%)/2N

+

Aneuploid
41

3/7

42

1/8

-22 / -22
3N / 3N

6

0%

7ULSORLG

+

43 GH 4 / 8

-721 /-7
21

3

0%

Mon7WULVmon21

+b

44

2/8



3

100%

Normal

-

45

2/8

-18 / 2N

28

46%

Mos mon21/ mon18/mon7/2N

+

46

2/8

-11

9

22%

Mos mon18/ tris18/mon11

+b

47

3/8

1

10

0%

7ULSORLG

-

48

2/7

-13/2N

11

73%

Normal

-

Abnormal/ normal mosaic

Abnormal/ abnormal mosaic (multiple aneuploidies)
49 e

2/8



19

0%

7ULV

+

50 GH 2 / 8



7

0%

0RV0RQWULVPRQ

+

51 e

;2;2 10


0%

Mos multiple aneuploidy (same
+
chromosome abnormalities involved)

2 / 10

52

1/8

-18

14

79%

Mos mon18/2N

+

53 d

3/8

;;<15;;<15

7

86%

Mos mon 15<21 ;<

+b

54

1 / 10

;;<XO

20

70%

Mos tris1/monX1 ;<

+b

a0RUSKRORJ\VFRUH

H[FHOOHQW JRRG DYHUDJH SRRUTXDOLW\

b&RQÀUPDWLRQRIDWOHDVWRQHRIWKHFKURPRVRPHDEQRUPDOLWLHVREVHUYHGRQGD\
c1HDUWHWUDSORLG

LQbold type).

FKURPRVRPHV ,6&1

d&DVHVZLWKSRWHQWLDOPLWRWLFQRQGLVMXQFWLRQEHIRUHWKHFHOOVWDJHLQZKLFKWKHUHFLSURFDOSURGXFWZDVUHFRYHUHGRQGD\
e7KHVHDUHFDVHVZKHUHWKHDEQRUPDOLW\RUDWOHDVWRQHRIWKHDEQRUPDOLWLHVPRVWOLNHO\UHVXOWHGIURPDPHLRWLFHUURU

1 QRUPDOFRS\QXPEHUIRUWKHFKURPRVRPHVLQYHVWLJDWHG0RV PRVDLFLVPPRQ PRQRVRP\WULV WULVRP\,QWKHPRVDLF
FDVHVWKHGLIIHUHQWDEQRUPDOFHOOOLQHVDUHSUHVHQWHGDFFRUGLQJWRWKHLUVL]HZLWKWKHODUJHVWÀUVW$QRUPDOGLSORLGFHOOOLQHLV
DOZD\VOLVWHGODVW ,6&1 
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7DEOH(PEU\RGHYHORSPHQW),6+UHVXOWVDQGLQWHUSUHWDWLRQIURPHPEU\RVDIWHUDQDO\VLVRIRQHEODVWRPHUHRQGD\ )RU
DGHWDLOHGSUHVHQWDWLRQRIWKH),6+UHVXOWVRQGD\VHHDSSHQGL[, 
Day 3
Case
no.

Morphology
scorea/
No. of
cells

Day 5
FISH results

# cells
analysed

% of
normal
cells

Interpretation of FISH results

&RQÀUPHG

37

0%

7HWUDSORLG

-

Embryos reaching the blastocyst stage
Normal
55

4/5

2N
Aneuploid

56 e

2/7

-21

22

0%

Mon21

+

57 e

2/8

+16

47

0%

7ULV

+

58

3/6

+18

30

93%

Normal

-

59

4/6

-16

36

64%

Mos mon15/2N

-

60 d

1/8

+7

30

60%

Mos mon7/2N

-

Double aneuploid
61 e

1 / 12

22

86

5%

Tris22

+b

62 e

2/8



35

0%

Double mon16 and 22

+

63 e

2/7

22

57

0%

Mon22

+b

64 d

2/8



30

23%

Mos tris21/ tris7/ 2N

-

65 d

3/8



25

88%

0RVPRQ1

-

Multiple aneuploid
66

2/8

;21

57

82%

Mos mon211 ;<

+b

67

2/8

1²

42

43%

Mos mon18/ 2N

-

+

Embryos arrested at day 3 or 4
Normal
68

4/5

2N

12

100%

Normal

69

1/9

2N

18

77%

Mos mon22/2N

-

70

2/7

2N

10

90%

Mon21

-

71

4/6

2N

9

11%

0RVPRQWULVPRQ;WULV;1

-

72

3/6

-15

13

23%

Mos Multiple aneuploidy (incl.
mon15 in38% of cells)/2N

+

73

2/6

+15

10

30%

Mos triploidy/2N

-

74

3/6

+21

5

0%

0RVQXOOQXOOPRQ;PRQ

-

75

3/8

-13

6

83%

Mos mon16/2N

-

Aneuploid

Double aneuploid
76 d

1/8

16

14

50%

Mos mon16/mon22/2N

+b

77 e

2/8

22

24

0%

Mos mon22PRQ22

+b

78

2/7

-1

15

67%

Mos mon1/2N

+b

79 d

1/8

;

24

63%

0RVPRQ1 ;;

-
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Multiple aneuploid
80

2 / 12

N;;

5

0%

Mos haploidy/ tetraploidy

+b

81 d

3/8

;;;13

10

50%

0RVPRQ;tris13/mon7/2N

+b

82 GH

3/9

X0

1

0%

X0²

+b

83

3/8

16

3

33%

Mos mon16/2N

+b

a0RUSKRORJ\VFRUH

H[FHOOHQW JRRG DYHUDJH SRRUTXDOLW\

b&RQÀUPDWLRQRIDWOHDVWRQHRIWKHFKURPRVRPHDEQRUPDOLWLHVREVHUYHGRQGD\

LQbold type).

d&DVHVZLWKSRWHQWLDOPLWRWLFQRQGLVMXQFWLRQEHIRUHWKHFHOOVWDJHLQZKLFKWKHUHFLSURFDOSURGXFWZDVUHFRYHUHGRQGD\
e7KHVHDUHFDVHVZKHUHWKHDEQRUPDOLW\RUDWOHDVWRQHRIWKHDEQRUPDOLWLHVPRVWOLNHO\UHVXOWHGIURPDPHLRWLFHUURU

1 QRUPDOFRS\QXPEHUIRUWKHFKURPRVRPHVLQYHVWLJDWHG0RV PRVDLFLVPPRQ PRQRVRP\WULV WULVRP\,QWKHPRVDLF
FDVHVWKHGLIIHUHQWDEQRUPDOFHOOOLQHVDUHSUHVHQWHGDFFRUGLQJWRWKHLUVL]HZLWKWKHODUJHVWÀUVW$QRUPDOGLSORLGFHOOOLQHLV
DOZD\VOLVWHGODVW ,6&1 

7DEOH2YHUYLHZRIWKHGLDJQRVLVPDGHRQGD\DQGUDWHRIF\WRJHQHWLFFRQÀUPDWLRQDIWHUUHDQDO\VLVRQGD\
Diagnosis on day 3

Number of embryos reanalysed on day 5

1XPEHURIFDVHVFRQÀUPHG 

Normal

7

3 (43)

Aneuploid

11

9 (82)

Mosaic

36

18 (50)

Abnormal/ normal mosaic

14

6 (43)

Abnormal/ abnormal mosaic

22

12 (55)

7RWDO

54

30 (56)

5

1 (20)

Based on two cells

Based on one cell
Normal
Aneuploid

24

14 (58)

7RWDO

29

16 (55)

2YHUDOOFRQÀUPDWLRQUDWH

83

45 (54)

Values in parentheses are percentages
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Section 2.4

FISH analysis of 15 chromosomes in human day 4 and 5
preimplantation embryos: the added value of extended
aneuploidy detection

Introduction
7KH LQWURGXFWLRQ RI ÁXRUHVFHQFH LQ VLWX K\EULGL]DWLRQ ),6+  IRU SUHLPSODQWDWLRQ JHQHWLF
diagnosis has enabled screening of embryos for chromosomal aneuploidies before transfer in
in vitro fertilization (IVF). Preimplantation genetic screening (PGS) (Thornhill et al.,2005)
would be of special interest for couples that are thought to have a higher risk of developing
chromosomally abnormal embryos, with the aim of improving embryo selection and thus
their chances for implantation and an ongoing pregnancy. PGS analysis routinely involves the
screening of the copy number of seven to ten chromosomes, mostly of those chromosomes that are
involved in potentially viable trisomies (13, 18, 21 and the sex chromosomes) in combination with
chromosomes often found to be trisomic in early miscarriages (such as 14, 15, 16 and 22) (Philipp et
al., 2003). Although PGS is offered in many IVF centres around the world, a recent meta-analysis
KDVTXHVWLRQHGLWVHIÀFLHQF\ 7ZLVNHWDO 7KLVPD\SDUWO\EHH[SODLQHGE\WKHIDFWWKDW
WKHODUJHVWSDUWRIDQHXSORLGLHVREVHUYHGDWWKLVVWDJHRULJLQDWHGXULQJWKHÀUVWPLWRWLFGLYLVLRQV
of early preimplantation development, resulting in chromosomally mosaic embryos (Coonen et
al., 2004; Daphnis et al.,.DW]-DIIHet al., 2005, Baart et al., 2006). Therefore, the biopsy and
analysis of one or two cells may not be representative for the remaining embryo (Baart et al., 2006).
Another contributing factor may be that in preimplantation embryos, chromosome aberrations
are involved which are not found later during development, as in spontaneous miscarriage or
ongoing pregnancy (Bahçe et al., 1999; Fritz et al., 2001; Vouillaire et al., 2000; Wells and Delhanty,
3KLOOLSSDQG.DORXVHN 7KHUHIRUHLWKDVEHHQSURSRVHGWKDWWKHHIÀFLHQF\RI3*6
could be improved by analysing more chromosomes (Wilton et al., 2002).
We aimed to explore the added value of investigating more chromosomes for the detection
of chromosomally abnormal embryos. Our approach was to investigate cryo-preserved, good
quality day 4 and day 5 embryos donated for research purposes. Embryos were analyzed for the
FKURPRVRPHVUHFRPPHQGHGLQWKH´EHVWSUDFWLFHJXLGHOLQHVIRU3*6µ FKURPRVRPHV
16, 18, 21, 22, X and Y) (Thornhill et al., 2005), next to chromosomes that are less well studied in
preimplantation embryos (1, 2, 7, 6, 10 and 17). Analysis of these 15 chromosomes was performed
in three consecutive FISH rounds and the proportion of aneuploid and mosaic embryos was
determined. These results were compared in retrospect to what would have been observed if
only the recommended probe set was analyzed.

Materials and methods
Patients and embryos

The spare cryo-preserved preimplantation embryos used in this study were donated by couples
undergoing routine IVF procedures in the period between January 1993 and June 2000. Prior
to commencing the study, ethical approval for the use of these embryos was received from
the Dutch Central Committee on Research Involving Human Subjects (CCMO) and the local
institutional ethics committee. Written consent was obtained from all participating couples.
Ovarian stimulation, oocyte retrieval and IVF procedures, including assessment of embryo
morphology, were performed as described previously (Huisman et al., 2000). A maximum
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of two embryos were replaced per cycle. Only good quality supernumerary embryos were
cryopreserved. For day 4 embryos this means that they showed some degree of compaction and
< 20% fragmentation. Day 5 embryos were required to show cavitation and the presence of an
inner cell mass. The cryopreservation procedure was performed in straws using a slow freezing
1.5 M DMSO protocol in a programmed freezer (De Jong et al., 2002). For the present study,
29 frozen day 4 (compaction stage) and 48 day 5 (blastocyst stage) embryos were thawed.
These embryos were obtained from 29 patients (median maternal age at oocyte retrieval: 32.7
(range 24-41 years). On average 1.8 embryos were donated per patient (range 1-4). Embryos had
been stored for a median period of 8.2 (range 5.0-12.5 years). All donated embryos happened
to be from patients who became pregnant after transfer of two embryos in the cycle where the
embryos were frozen.
Fixation of embryos

Previous reports have indicated a high incidence of chromosomal abnormalities after freezing,
thawing and subsequent culture of embryos (Iwarsson et al., 1999; Baart et al., 2004b; Salumets et
al. 7RDYRLGDQDUWLÀFLDOLQFUHDVHRIFKURPRVRPHDEQRUPDOLWLHVFU\RSUHVHUYHGHPEU\RV
ZHUHÀ[HGZLWKLQPLQXWHVDIWHUUHPRYDOIURPWKHOLTXLGQLWURJHQ)UR]HQWKDZHGHPEU\RV
ZHUHÀ[HGDVGHVFULEHGSUHYLRXVO\ 'R]RUWVHYDQG0F*LQQLV ZLWKVRPHPRGLÀFDWLRQV
(Baart et al., 2004a). In short, embryos were transferred to a drop of spreading solution (0.01 N
HCl/ 0.1% Tween 20; Coonen et al., 1994; Harper et al., 1994) to dissolve the zona pellucida, and
subsequently transferred to a slide in a small amount (a1μl) of spreading solution. Blastomere
QXFOHLZHUHLVRODWHGRQWKHVOLGHDQGVXEVHTXHQWO\DLUGULHGIROORZHGE\À[DWLRQZLWKDGURS
RIIUHVKO\PDGHÀ[DWLYH PHWKDQRODFHWLFDFLG 
Labelling of DNA probes

7KHSUREHVXVHGLQWKHÀUVWURXQGRI),6+ZHUHFHQWURPHUHSUREHVIRUFKURPRVRPH S;
Rocchi et al., 1990), 6 (D6Z1, Jabs et al., 1984), 10 (pH8, Devilee et al., 1988) and 17 (p17H8,
:D\H DQG :LOODUG   DQG D ORFXV VSHFLÀF SUREH IRU FKURPRVRPH T 532
UCSC Genome Bioinformatics). The probes for 2, 14 and 17 were labelled using a random
primed labelling kit (Invitrogen, Carlsbad, CA, USA) according to the instructions of the
manufacturer. The probes for chromosomes 6 and 10 were labelled using nick translation as
described previously (Baart et al., 2004a).
The DNA probes used in the second round were centromere probes for chromosomes 1 (pUC
1.77; Cooke and Hindley, 1979), 7 (pD7t1; Waye et al., 1987), 15 (pTRA-20; Choo et al., 1990), X
(pBamX5; Willard et al., 1983) and a Y chromosome heterochromatin probe (RPN1305X; Lau,
1985). Labeling of these probes was performed as described previously (Baart et al., 2004a).
The DNA probes used in the third round were centromere probes for chromosome 16 and 18,
combined with LSI probes for chromosomes 13, 21, and 22 (Multivysion PB kit, Vysis, Downers
Grove, IL, USA).
7KHGLIIHUHQWÁXRURFKURPHVXVHGIRUODEHOLQJHDFKRIWKHFKURPRVRPHVSHFLÀFSUREHV
DQG WKH FRUUHVSRQGLQJ ÀOWHU VHWV &KURPD 7HFKQRORJ\ &RUS 5RFNLQJKDP 9HUPRQW 86$ 
used for detection are presented in Table 2.4.1. Fluorochromes were from Molecular Probes,
Invitrogen, Leiden, Netherlands, except for Coumarin-13-dUTP (Enzo Life Sciences, Inc., New
York, USA) and Diethylaminocoumarine-5-dUTP (NEN Life Science Products, Inc., Boston,
USA).

59

Chapter 2

FISH procedure

7KUHH URXQGV RI ÀYHFRORXU ),6+ ZHUH DSSOLHG WR WKH HPEU\RV 7KH ÀUVW URXQG RI ),6+ ZDV
performed for chromosomes 2, 6, 10, 14 and 17. A hybridization mixture was made, containing
10 ng of each labelled probe in 50% formamide, 10% dextran sulphate, 1% Tween 20 and 1 μg
+XPDQ &RW '1$ ,QYLWURJHQ &DUOVEDG &$ 86$  LQ ð66& LQ D ÀQDO YROXPH RI  Pl. For
the second and third round, hybridisation mixtures were prepared as described previously
(Baart et al, 2004b). Per slide, 0.25 μl hybridization mixture was applied under a 4 mm round
coverslip. Blastomere- and probe DNA were denatured simultaneously at 75qC for 3 min and
allowed to hybridize in a humid box (containing 50% formamide in 2×SSC, pH 7.2) at 37qC
for 2 h. After hybridization, coverslips were removed and slides were washed in 2×SSC/0.05%
Tween 20 for 2 min at 42qC, 0.4×SSC for 6 min at 60qC and in 2×SSC/0.05% Tween 20 for 2
min at room temperature. The slides were rinsed once in PBS, allowed to air dry and mounted in
Vectashield antifade medium (Vector Laboratories, Burlingame, CA, USA), containing 1.25 ng/ml
·GLDPLGLQRSKHQ\OLQGROH '$3, $IWHUDQDO\VLVRIWKHÁXRUHVFHQWVLJQDOVFRYHUVOLSVDQG
antifade medium were removed with two washes in 2×SSC/0.05% Tween 20 for 5 min at room
temperature. The slides were dehydrated and the probemix for the second round (1, 7, 15, X and
Y) was applied. Nuclear and probe DNA were denatured and allowed to hybridize for 2 hrs at
37q&7KHSRVWK\EULGL]DWLRQZDVKFRQVLVWHGRIð66&7ZHHQIRUPLQDWÝ&PLQ
LQð66&DWÝ&DQGPLQLQð66&DWURRPWHPSHUDWXUH$IWHUDEULHIZDVKLQ3%6WKHVOLGHV
were allowed to air dry and mounted in antifade medium containing DAPI. After analysis of the
ÁXRUHVFHQWVLJQDOVFRYHUVOLSVZHUHDJDLQUHPRYHGDQGWKHWKLUGURXQG DQG RI
hybridization was performed at 37qC for 2 hrs. The third post-hybridization wash consisted of
ð66&7ZHHQIRUPLQDWÝ&PLQLQð66&DWÝ&DQGPLQLQð66&DWURRP
temperature. Slides were mounted in Vectashield antifade medium, without DAPI.
7KHHIÀFLHQF\RIWKH),6+SUREHVZDVWHVWHGRQXQFXOWXUHGSHULSKHUDOO\PSKRF\WHVSUHDGV
from two men and two women with normal karyotypes. Slides were prepared according to
standard protocols and they were hybridized using the same three-round FISH protocol as for
the embryonic cells (see above). Signals were counted in 200 nuclei. In addition, the positions
of 16 individual nuclei were recorded and images were obtained after each round to check for
persisting signals.
Microscopy and interpretation of FISH results

6OLGHV ZHUH H[DPLQHG ZLWK D =HLVV $[LRSODQ  LPDJLQJ HSLÁXRUHVFHQFH PLFURVFRSH HTXLSSHG
ZLWK DSSURSLDWH ÀOWHUV VHH WDEOH   ,PDJHV ZHUH FDSWXUHG ZLWK WKH ,6,6 ),6+ ,PDJLQJ
System (MetaSystems, Altlussheim, Germany). A detailed map was drawn for each embryo,
DOORZLQJLGHQWLÀFDWLRQRIHDFKÀ[HGQXFOHXV)RUHQXPHUDWLRQRIWKHVLJQDOVZHXVHGVFRULQJ
criteria previously published (Munné et al., 1998b). Interpretation of the FISH results was done
DFFRUGLQJWRWKHGHÀQLWLRQVSXEOLVKHGSUHYLRXVO\ZLWKVRPHPRGLÀFDWLRQV %DDUWet al., 2004b).
$IWHU DQDO\VLV ZH FODVVLÀHG WKH HPEU\RV DV QRUPDO DSSUR[  QRUPDO QXFOHL DQG PRUH
importantly, less than 10% of the nuclei with the same chromosome abnormality), aneuploid (at
least 90% of the nuclei showing the same abnormality) or mosaic (more than 10% and less than
RIWKHFHOOVVKRZLQJWKHVDPHFKURPRVRPHDEQRUPDOLW\ 0RVDLFVZHUHFODVVLÀHGDVGLSORLG
mosaic if a normal cell line was present and as aneuploid mosaic if only abnormal cells were
present. Embryos where all or a majority of nuclei showed a randomly different chromosome
FRPSOHPHQWZHUHGHÀQHGDVFKDRWLF(PEU\RVZLWKRUPRUHKDSORLGWHWUDSORLGRUWULSORLG
nuclei were classed as such. However, we considered the occurrence of some tetraploid cells as
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a normal phenomenon of in vitro cultured embryos (Evsikov and Verlinsky, 1998; Bielanska et
al., 2002; Coonen et al., 2004) and treated them as normal cells. If both monosomic and trisomic
cells for the same chromosome were present in the embryo, it was considered to be the result of
a mitotic non-disjunction event. If at least 90% of the cells showed the same abnormality, even
next to other abnormalities, it was considered to be a meiotic abnormality.
&ODVVLÀFDWLRQRIHPEU\RVZDVÀUVWGRQHDFFRUGLQJWR),6+UHVXOWVRIDOOFKURPRVRPHVDQG
was then repeated by taking into account only the results from chromosomes 13, 14, 15, 16, 18, 21,
22, X and Y. Resulting percentages of normal embryos were compared.

5HVXOWV
(IÀFLHQF\RIWKUHHFRQVHFXWLYH),6+URXQGV

Initially, the hybridization of the probe set containing probes for chromosomes 2, 6, 10, 14 and
17 was performed as a third round. However, the commercial probemix (chromosomes 13, 16,
18, 21 and 22) produces a highly persistent background staining of DNA, hampering analysis
of subsequent FISH rounds. With the order of FISH rounds as described here, this was not a
SUREOHP $OO  SUREHV ZHUH WHVWHG IRU K\EULGL]DWLRQ HIÀFLHQF\ DIWHU FRQVHFXWLYH URXQGV RI
FISH on lymphocyte spreads from two males and two females in 200 nuclei. The hybridization
HIÀFLHQFLHV IRU WKH LQGLYLGXDO SUREHV ZHUH FDOFXODWHG DV WKH SHUFHQWDJH RI QXFOHL VKRZLQJ WKH
expected number of signals and ranged between 95 and 99%. Furthermore, 85%, 85% and 90%
RI WKH QXFOHL VKRZHG WKH QRUPDO DPRXQW RI VLJQDOV IRU DOO ÀYH SUREHV LQ WKH ÀUVW VHFRQG DQG
third round, respectively. The recorded images showed no major persisting signals from previous
rounds, although in some nuclei a remnant of chromosome 17-signal was observed in the second
round. Three consecutive rounds of FISH could also be successfully applied to embryonic nuclei,
with reliable signals and good nuclear morphology (Figure 2.4.1, Appendix). The procedure,
including microscopic examination, could be completed within two working days.
Analysis of cryopreserved embryos for 15 chromosomes

$WRWDORIHPEU\RVZHUHVXFFHVVIXOO\À[HGDQGDQDO\VHGIRUWKUHHURXQGVRI),6+LPPHGLDWHO\
upon thawing (Table 2.4.2). Success rates were forty out of 48 (83%) for day 5 embryos and 12
out of 29 (41%) for day 4 embryos. From the embryos cryopreserved as good quality blastocysts,
ten (25%) were found to be chromosomally normal according to our criteria. Two (5%) were
found to be uniformly abnormal (monosomy 21 and triploidy), 26 (65%) were diploid mosaic
and 2 (5%) were aneuploid mosaic. The embryos frozen as compacted morulas were all found to
EHPRVDLFVHYHQ  ZHUHGLSORLGPRVDLFDQGÀYH  ZHUHDQHXSORLGPRVDLFIURPZKLFK
two were chaotic.
,Q ÀYH RXW RI    FU\RHPEU\RV D FKURPRVRPH DEQRUPDOLW\ ZDV LQYROYHG WKDW PRVW
likely originated during meiosis (monosomy for chromosomes 7, 21, X and 22 and trisomy for
chromosome 22) (Table 2.4.2 and 2.4.3). Chromosome abnormalities resulting from a mitotic
error were detected in 40 (77%) embryos and in three of these both products of a non-disjunction
event were recovered (Table 2.4.2).
Added value of the extra FISH round for the detection of chromosome abnormalities

The incidence of the investigated chromosomes to be involved in aneuploidy is listed in Table 2.4.3.
Multiple aneuploidies were considered to be the result of independent events and the resulting
cell line was taken into account for each chromosome involved. Aneuploidy was detected for all
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chromosomes investigated, except for chromosomes 10 and 13. Aneuploidy for chromosomes 2
and 18 were most frequently encountered.
If the analysis would have been limited to only the recommended probe set for aneuploidy
screening (13, 14, 15, 16, 18, 21, 22, X and Y), aneuploid cell lines or cell lines with multiple
aneuploidy (i.e. chromosome aberrations of mitotic origin) would have been missed in 25
embryos. One abnormality arising from a meiotic error (monosomy 7) would have been missed
in an otherwise mosaic embryo (Table 2.4.2, embryo 48). However, only seven embryos would
KDYH EHHQ PLVFODVVLÀHG DV QRUPDO LQVWHDG RI GLSORLG PRVDLF )LJXUH  DQG 7DEOH  
7KHVH LQFOXGHG ÀYH HPEU\RV WKDW ZHUH IRXQG WR EH GLSORLG PRVDLF IRU PRQRVRP\ RU WULVRP\
2. Furthermore, the diagnosis in embryo 50 would change from aneuploid mosaic into 100%
aneuploid (trisomy 22).
FISH analysis of 15 chromosomes showed that 81% (42 out of 52) of the embryos were
abnormal, whereas this would have been 67% (35 out of 52) if only the nine recommended
chromosomes were investigated (Ȥ2; P = 0.03) (Figure 2.4.2).

Figure 2.4.2. Cytogenetic diagnosis of day 4 and day 5 embryos (N = 52) after cryopreservation. Diagnosis of the embryo after
WKHDQDO\VLVRIWKHUHFRPPHQGHGSUREHVHWIRUDQHXSORLG\VFUHHQLQJ ;DQG< LVFRPSDUHGWRWKH
UHVXOWVDIWHUDQDO\VLVRIFKURPRVRPHV ;DQG<  3 

Discussion
Multicolor FISH analysis in three rounds was performed successfully on nuclei from human
day 4 and 5 preimplantation embryos, allowing the analysis of the copy number of a total of 15
chromosomes (1, 2, 6, 7, 10, 13, 14, 15, 16, 17, 18, 21, 22, X and Y). Comparative genomic hybridization
(CGH) allows the analysis of all chromosomes, but single cell CGH analysis of day 4 or day 5
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embryos is hardly feasible due to the large number of cells. Although leaving nine chromosomes
uninvestigated, FISH analysis of 15 chromosomes in three consecutive rounds was shown here
to be a more practical approach, especially since it can be completed within two working days.
0RUHRYHUWKHVXFFHVVIXODQDO\VLVRIEODVWRPHUHVZLWKPLQLPDOORVVRIK\EULGL]DWLRQHIÀFLHQF\
XVLQJ WZR RU WKUHH SUREHV DW D WLPH GXULQJ ÀYH VHTXHQWLDO K\EULGL]DWLRQV KDV EHHQ GHVFULEHG
previously (Harrison et al. 7KHUHIRUHDQDO\]LQJDOOFKURPRVRPHVLQÀYHVHTXHQWLDOURXQGV
of FISH could represent an alternative to CGH.
Studies concerning aneuploidy in human preimplantation embryos are always hampered by
the scarcity of study material, due to obvious ethical concerns. In this study, we were able to
use good quality embryos after cryopreservation, donated for research. Although this was not an
inclusion criterion, all embryos donated proved to be surplus in an IVF cycle where the woman
became pregnant from the fresh transfer of two embryos. This may result in patient selection and
consequently, embryo selection. Those women that became pregnant after IVF treatment may be
capable of producing better quality embryos. On the other hand, it is also feasible that the best
quality embryos were selected for transfer and only embryos with chromosome abnormalities
were left. Furthermore, it has been suggested that the cryopreservation process may induce
chromosomal abnormalities after thawing and subsequent culture (Iwarsson et al., 1999; Baart
et al., 2004b; Salumets et al.,   7R SUHYHQW DQ\ FKDQJHV HPEU\RV ZHUH À[HG LPPHGLDWHO\
upon thawing. In a previous study (Baart et al., 2004b) cryopreserved embryos were thawed and
cultured for at least 2 hours before processing, with the result that only a quarter of the embryos
VXUYLYHG,PPHGLDWHÀ[DWLRQDOORZHG  RIWKHHPEU\RVWRVXUYLYHDQGEHVXFFHVVIXOO\
analyzed, further reducing the chances for a selection bias.
In 10% of the embryos, an abnormality resulting from a meiotic error was found. This
corresponds well with the reported aneuploidy rate of 11% in a large set of unfertilized oocytes
after IVF (Pellestor et al., 2002). However, the rate of mitotic errors resulting in mosaic embryos
was found to be much higher. In this group of good quality frozen-thawed morulas and
blastocysts, the proportion of mosaic embryos was found to be 77%. Reported rates of mosaicism
vary between 15% to 93%, depending on the number of chromosomes analyzed, quality and
GHYHORSPHQWDOVWDJHRIWKHHPEU\RDQGKRZPRVDLFHPEU\RVZHUHGHÀQHG 5XDQJYXWLOHUWet al.,
2000; Voullaire et al., 2000; Wells and Delhanty, 2000; Sandalinas et al., 2001; Bielanska et al., 2002;
Baart et al., 2004b; Daphnis et al., 2005; Baart et al. 7KHGHÀQLWLRQXVHGLQWKHSUHVHQWVWXG\
is based on criteria used in cytogenetic laboratories for the interpretation of interphase FISH
results to distinguish between low-level mosaicism and FISH artifacts, if control data on the
same tissue is not available.
Analysis of chromosomes 1, 2, 6, 7, 10 and 17 allowed us to detect abnormalities arising from a
mitotic error in 25 embryos, although only seven of these embryos would have been misdiagnosed
as being normal if only the nine recommended chromosomes were investigated. This is due to the
presence of multiple abnormal cell lines and cell lines carrying multiple aneuploidy in more than
half of the mosaic embryos. One meiotic chromosome aberration (monosomy 7) was detected in
DQHPEU\RWKDWRWKHUZLVHZRXOGKDYHEHHQFODVVLÀHGDVGLSORLGPRVDLF%\VFUHHQLQJVL[PRUH
chromosomes in addition to the chromosomes recommended for PGS, the proportion of aneuploid
and mosaic embryos was increased from 67% to 81% (Ȥ2; P = 0.03). This increase was mainly due
to an increased detection of diploid mosaic embryos. Reassuringly, previous studies performing
comparative genome hybridization (CGH) to analyze all chromosomes in blastomeres from good
quality cleavage stage embryos, still reported 25% normal embryos (Voullaire et al., 2000; Wells
and Delhanty, 2000).
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Cytogenetically, screening more chromosomes will have an added value for PGS by increasing
the chances for detection of abnormal embryos. However, from a clinical viewpoint the added
YDOXH LV PRUH GLIÀFXOW WR GHWHUPLQH 7KH LQYHVWLJDWLRQ RI VL[ H[WUD FKURPRVRPHV EHVLGHV WKH
ones that are recommended for PGS, allowed the detection of mainly chromosome aberrations of
mitotic origin leading to mosaicism. These embryos are capable of developing into good quality
blastocysts, but little is known about their implantation potential and ability to develop into
a healthy child. This will probably depend on the level of mosaicism, the type of chromosome
aberration and the chromosome involved. Embryos mosaic for trisomy 21 appear to be less viable
WKDQQRUPDOHPEU\RV .DW]-DIIHet al., 2005), but for other chromosomes this is unknown. More
research is needed to determine if some mosaic embryos can be considered suitable for transfer
depending on the type of aneuploidy and the chromosome involved. Until this is resolved,
screening of more chromosomes may result in embryos being discarded which may result in a
healthy child.
Interestingly, we found a high incidence of mitotic errors for chromosome 2. Two earlier
studies performing analysis of all the chromosomes in eight-cell embryos by CGH, both reported
embryos with nuclei monosomic or trisomic for chromosome 2 (Voullaire et al., 2000; Wells and
Delhanty, 2000). Furthermore, they also reported cells with post-zygotic breakage of chromosome
2. Together, these data may indicate chromosome 2 to be frequently involved in mitotic errors,
DOWKRXJKWKHQXPEHURIHPEU\RVLVFXUUHQWO\WRRVPDOOWRGUDZDQ\VLJQLÀFDQWFRQFOXVLRQV
In conclusion, aneuploidy in human preimplantation embryos originates from both meiotic
and, to a much greater extent, mitotic errors. Although all but one of the meiotic aneuploidies
found in this study would have been detected by probe sets most frequently used in PGS clinics,
we detected aneuploid cell lines originating from mitotic errors for all chromosomes, except
chromosomes 10 and 13. We showed that screening of six additional chromosomes next to the
nine recommended chromosomes increases the proportion of mosaic embryos. The clinical
consequences remain undetermined as long as the fate of mosaic embryos after transfer is unclear.
Therefore, more research into this fate is needed to make PGS more effective.
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7DEOH  ),6+ UHVXOWV IURP FKURPRVRPHV ;< DQG LQWHUSUHWDWLRQ RI HPEU\RV DIWHU
FU\RSUHVHUYDWLRQDQGLPPHGLDWHÀ[DWLRQRQWKDZLQJ
(PEU\RQU

Patientnr.

#cells analysed

% of normal cells

Interpretation of FISH results [no. of cells]

Embryos cryopreserved at the blastocyst stage (day 5)
Normal
1

1

122

93%

1RUPDO 1;; >@

2

2

50

86%

1RUPDO 1;< >@

3

3

31

81%

1RUPDO 1;; >@

4

4

60

78%

1RUPDO 1;; >@

5

5

100

78%

1RUPDO 1;; >@

6

6

70

77%

1RUPDO 1;< >@

7

1

101

75%

1RUPDO 1;< >@

8

7

38

74%

1RUPDO 1;; >@

9

8

60

70%

1RUPDO 1;; >@

10

9

24

63%

1RUPDO 1;; >@

Aneuploid or polyploid
11 d

2

40

0%

Monosomy 21 [40]

12

10

30

0%

7ULSORLG\>@

Diploid mosaic
13

11

18

72%

0RVWULV>@PRQ>@1;;>@

14

12

60

70%

0RVWULV>@1;;>@

15 b

1

98

69%

0RVPRQ>@1;<>@

16

10

47

68%

0RVWULV>@1;<>@

17 b

13

25

68%

0RVPRQ>@1;;>@

18

14

24

67%

0RVPRQ>@1;<>@

19 b

15

38

66%

0RVPRQ>@1;<>@

20 b

16

49

65%

0RVWULV>@1;;>@

21

1

26

65%

Mos near 4Na>@1;;>@

22

3

57

65%

Mos near 4Na>@1;<>@

23

11

46

63%

0RVWULV>@1;<>@

24

14

19

63%

0RVPRQ>@PRQ>@1;;>@

25

8

18

61%

0RVPRQ>@PRQ>@1;;>@

26

5

53

60%

0RVPRQ>@1;;>@

27

2

65

58%

0RVWULV>@1;<>@

28 EF

5

34

56%

Mos tris2[9]/mon2>@1;<>@

29

17

38

50%

Mos near 4Na>@WULV>@1;;>@

30 c

18

20

50%

Mos mon18[3]/mon16[3]/tris18>@1;<>@

31

19

22

45%

0RVPXOWLSOHDQHXSORLG\>@1;<>@

32

19

15

40%

0RVPRQ>@PRQ>@PRQ>@1;;>@

33

20

18

39%

Mos near 4Na>@1;<>@
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34

9

38

39%

0RVWULV>@PRQ>@1;<>@

35

18

17

35%

Mos tris18[3]/tris2[2]/near 4Na>@1;;>@

36

15

32

31%

0RVWULV>@PRQ;>@1;;>@

37 EF

19

30

30%

Mos tris1[8]/mon1>@1;<>@

38

20

18

22%

0RVPRQ>@WULV>@WULV>@1;<>@

Aneuploid mosaic
39

21

8

0%

Mos near haploid[6]/tetraploid[1]/triploid[1]

40 d

20

20

0%

0RVPRQ;>@PRQ;>@PRQ;>@

Embryos cryopreserved at the compaction stage (day 4)
Diploid mosaic
41

22

20

60%

0RVPRQ;>@PRQ>@1;;>@

42 b

23

14

57%

0RVPRQ>@1;<>@

43

24

8

50%

0RVWULV>@WULVPRQ>@1;<>@

44

25

21

48%

0RVWULV>@PRQWULV>@1;;>@

45

22

22

41%

0RVPRQ>@1;;>@

46

26

23

22%

0RVPRQ;>@PRQ;WULV>@1;<>@

47

27

23

22%

0RVPRQ>@1;;>@

Aneuploid mosaic
48 d

22

14

0%

0RVPRQWULV>@PRQ>@

49 d

24

11

0%

0RVPRQ>@PRQ>@PRQ>@

50 d

28

13

0%

0RVWULV>@PRQWULV>@

51

29

5

0%

Chaotic

52

25

8

0%

Chaotic

a1HDUWHWUDSORLG

FKURPRVRPHV ,6&1

b7KHVHHPEU\RVZRXOGKDYHEHHQFODVVLÀHGDVQRUPDOLIRQO\WKHUHFRPPHQGHGSUREHVHW

;DQG< 

would have been analyzed.
c Cases with potential mitotic non-disjunction for the chromosome in bold
d7KHVHDUHFDVHVZKHUHWKHDEQRUPDOLW\RUDWOHDVWRQHRIWKHDEQRUPDOLWLHVPRVWOLNHO\UHVXOWHGIURPDPHLRWLFHUURU

1 QRUPDO FRS\ QXPEHU IRU WKH FKURPRVRPHV LQYHVWLJDWHG 0RV PRVDLFLVP PRQ PRQRVRP\ WULV WULVRP\ ,Q WKH PRVDLF
FDVHVWKHGLIIHUHQWDEQRUPDOFHOOOLQHVDUHSUHVHQWHGDFFRUGLQJWRWKHLUVL]HZLWKWKHODUJHVWÀUVW$QRUPDOGLSORLGFHOOOLQHLV
DOZD\VOLVWHGODVW ,6&1 
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7DEOH1XPEHURIHPEU\RVZLWKDQDQHXSORLGFHOOOLQHIRUHDFKFKURPRVRPHLQYHVWLJDWHGDIWHUDQDO\VLVRIFU\RSUHVHUYHG
embryos.
Origin
Meiotic
5HFRPPHQGHG
probe set

Additional
probes

Mitotic
+

-

+

13

7RWDOQRRIHPEU\RVZLWK
aneuploid cell lines
0

14

2 (5)

15

3 (12)

3 (24)

6

16

4 (12)

2 (10)

6

18

4 (23)

6 (44)

10

21

1 (40)

22

1 (11)

;<

a

1 (17)

2

2 (5)
1 (13)

2 (8)

3
1 (8)

3 (25)a

5
4

1

1 (4)

2 (12)

3

2

9 (42)

5 (31)

14

6

1 (5)

1 (8)

2

7

1 (14)

1 (6)

10
17

2
0

3 (17)

3

,I DW OHDVW  RI WKH FHOOV VKRZHG WKH VDPH DEQRUPDOLW\ LW ZDV FRQVLGHUHG WR EH D PHLRWLF DEQRUPDOLW\ 2WKHUZLVH WKH
abnormality was considered mitotic. Values are expressed as numbers of embryos with an aneuploid cell line; values between
parentheses represent the number of cells with the involved chromosome aberration.
- = monosomies; + = trisomies.
a&HOOVZLWK;2
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Section 3.1

Milder ovarian stimulation for in vitro fertilization reduces
aneuploidy in the human preimplantation embryo

Introduction
+XPDQ UHSURGXFWLRQ LV D UHODWLYHO\ LQHIÀFLHQW SURFHVV 1RUZLW] et al., 2001). The chance of
achieving a spontaneous pregnancy after timed intercourse is 20-30% (Evers, 2002; Taylor,
 VLJQLÀFDQWO\ORZHUWKDQaLQWKHUKHVXVPRQNH\ *KRVKet al., 1997), 80% in captive
baboons (Stevens, 1997) or 90% in rodents and rabbits (Foote and Carney, 1988). Moreover, up
to 30% of early human embryos fail to develop into viable fetuses (Wilcox et al., 1988), largely due
to chromosomal abnormalities (Vorsanova et al., 2005; Boue et al., 1975). The incidence of embryo
aneuploidy increases with maternal age (Hassold and Hunt, 2001).
In vitro fertilization (IVF) is the major treatment strategy for infertility, employing complex
and costly ovarian stimulation protocols to generate multiple embryos (Fauser et al., 2005;
Macklon et al., 2006). After ovarian hyperstimulation and in vitro fertilization, the best quality
embryos are selected for transfer into the uterine cavity. Although embryo morphology is widely
used to evaluate embryo quality, this subjective method provides only limited information
FRQFHUQLQJWKHFKURPRVRPDOFRQVWLWXWLRQ 0XQQp 7KHLQWURGXFWLRQRIÁXRUHVFHQFHLQ
situ hybridization (FISH) on interphase nuclei allowed the screening of embryos for chromosomal
aneuploidies, a procedure referred to as preimplantation genetic screening (PGS) (Thornhill et
al., 2005). Clinically, PGS is being advocated for older women (Munné et al., 2003; Staessen et
al., 2004) and patients with recurrent miscarriage or repeated implantation failure (Gianaroli et
al., 2003; Pehlivan et al., 2003; Platteau et al., 2005). High rates of aneuploidy have been reported
in these women. Moreover, in studies where the entire embryo was analyzed, a high incidence
of chromosomal mosaicism has been observed (Delhanty et al., 1993; Bielanska et al., 2002). The
frequent occurrence of mosaicism, resulting from mitotic segregation errors (Delhanty, 1997), is
DOVRUHÁHFWHGLQWKHKLJKLQFLGHQFHRIGLVFRUGDQW),6+UHVXOWVZKHQWZREODVWRPHUHVDUHDQDO\]HG
by PGS (Baart et al., 2004b; Baart et al., 2006).
The mechanisms underlying aneuploidy are still poorly understood. However, recent
observations suggest that inaccuracies of the chromosome segregation machinery in oocytes are
RIWHQLQYROYHGDSURFHVVLQÁXHQFHGE\PDWHUQDODJH &KDPSLRQDQG+DZOH\+DVVROGDQG
Hunt, 2001). Preliminary indications suggest that aneuploidy in embryos may also be affected
by ovarian stimulation regimens employed in IVF (Munné et al..DW]-DIIHet al., 2005). The
conventional IVF regimens routinely use a gonadotropin-releasing hormone (GnRH) agonist
co-treatment to prevent premature luteinization by suppressing pituitary releases of folliclestimulating hormone (FSH) and luteinizing hormone (LH). Down-regulation of pituitary
function takes around two weeks, after which high doses of exogenous FSH are administered
to induce multiple follicle growth, resulting in high numbers of oocytes for retrieval. The recent
availability of GnRH antagonists has enabled the development of novel approaches in ovarian
hyperstimulation. To prevent an LH rise, the administration of a GnRH antagonist can be limited
to the mid-to-late follicular phase (Fauser and Devroey, 2005), allowing the endogenous intercycle FSH rise to be utilized for follicle stimulation. Therefore, cyclic follicle recruitment and
initial stages of dominant follicle selection can proceed within the natural cycle and exogenous
FSH for inducing multiple follicle development need only be administered during the mid-late
follicular phase (Fauser and Van Heusden, 1997; Fauser et al., 1999; Hohmann et al., 2003).
To test whether the conventional ovarian hyperstimulation protocol and the new mild
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stimulation approach differentially affect the competence of oocytes and embryos for proper
chromosome segregation, PGS was employed in a prospective randomized controlled trial in a
group of IVF patients younger than 38 years of age.

Methods
Study design

All patients were recruited from an outpatient setting at the Erasmus Medical Center and the
0HGLFDO&HQWHU´5LMQPRQG=XLGµIURP'HFHPEHUWR$XJXVWDQGUDQGRPO\DVVLJQHGWR
undergo a mild stimulation regimen using gonadotropin-releasing hormone (GnRH) antagonist
co-treatment, or a conventional high dose exogenous gonadotropin regimen and GnRH agonist
co-treatment. A schematic representation of the study is outlined (Figure 3.1.1). A population
of infertile couples with a regular indication for IVF was targeted, who were not at an a priori
increased risk for chromosomally abnormal embryos. Only women below 38 years of age, with a
regular indication for IVF and with a partner with a sperm count > 5 million progressively motile
sperm per milliliter were invited to participate in the study. Additional inclusion criteria were:
history of regular menstrual cycles (ranging from 25-35 d), body mass index between 19-29 kg/
m2, no known chromosomal abnormalities, no relevant systemic disease or uterine and ovarian
abnormalities, no history of recurrent miscarriage, and no previous IVF cycles not resulting in an
embryo transfer. Couples could participate in the study for one cycle only. Prior to commencing
the study, ethical approval was received from the Dutch Central Committee on Research
Involving Human Subjects (CCMO) and the local institutional ethics committee. Written
informed consent was obtained from each couple.
Based on previous experience (Hohmann et al., 2003), a higher cancellation rate before
oocyte retrieval and less embryos were expected following mild ovarian stimulation. Therefore,
randomization to one of the two treatment groups was performed according to a computergenerated randomization schedule in a ratio of 4:6 (conventional group: mild group; see
statistical paragraph), assigned via numbered sealed envelopes. The next available numbered
envelope on entry into the study was opened by the treating physician during the preparatory
IVF consultation. Blood samples were drawn from each patient on cycle day 3 or 4 before the
start of stimulation, to assess baseline FSH and inhibin B levels.
Multifollicular ovarian stimulation

Patients randomized to undergo conventional ovarian stimulation were treated for at least
two weeks with the GnRH agonist Triptorelin (Decapeptyl£, Ferring BV, Hoofddorp, The
Netherlands) 0.1 mg/day sc, starting one week before the expected menses (usually cycle day
21), to prevent a premature LH surge. Following pituitary down regulation, ovarian stimulation
ZDVFRPPHQFHGZLWKDÀ[HGGDLO\GRVHRI,8VFUHFRPELQDQW)6+ 3XUHJRQ£, NV Organon,
Oss, The Netherlands). Patients randomized to the mild stimulation protocol were treated with a
À[HGGRVHRI,8UHF)6+VF 3XUHJRQ£) starting on cycle day 5. GnRH antagonist co-treatment
(Orgalutran£, NV Organon; 0.25 mg/day sc) was initiated on the day the leading follicle reached
a diameter of 14 mm, as published previously (Hohmann et al.   7R LQGXFH ÀQDO RRF\WH
maturation, a single dose of 10,000 IU hCG sc (Pregnyl£, NV Organon) was administrated as
soon as the leading follicle had reached a diameter of 18 mm and at least one additional follicle
had reached a diameter of 15 mm. Oocyte retrieval was carried out 35 hours after hCG injection
by transvaginal ultrasound-guided puncture of follicles.
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Figure 3.1.1. Schematic representation of the two ovarian stimulation protocols for IVF and laboratory procedures for PGS.

,QYLWURIHUWLOL]DWLRQHPEU\RFXOWXUHDQGELRSV\

After oocyte retrieval, in vitro fertilization and embryo culture were performed as described previously
(Hohmann et al., 2003; Huisman et al., 2000). On day 3 after oocyte retrieval, embryos resulting
from normally fertilized oocytes (as evidenced by two visible pronuclei) were scored according
to previously published morphological criteria (Hohmann et al., 2003), blinded to the stimulation
protocol. These included cell number, regularity of blastomeres, fragmentation and morphological
DVSHFWVLQFOXGLQJJUDQXODWLRQ1RUPDOPRUSKRORJ\ZDVGHÀQHGDVHPEU\RVZLWKWLPHO\GHYHORSPHQW
< 20% fragmentation, about equally sized blastomeres and small or no irregularities observed in
the cytoplasm. Embryos with > 5 blastomeres were biopsied and one blastomere was removed if
the embryo consisted of six blastomeres. Otherwise, two cells were removed. Embryo biopsy and
À[DWLRQRIELRSVLHGFHOOVZDVSHUIRUPHGDVGHVFULEHGSUHYLRXVO\ %DDUWet al., 2004a, 2004b).
FISH analysis and diagnosis

Fluorescent in-situ hybridization (FISH) analysis was performed to determine the copy number of
ten chromosomes (1, 7, 13, 15, 16, 18, 21, 22, X and Y), as described (Baart et al., 2004a, 2004b). FISH
results were interpreted by two independent observers, blinded to the stimulation protocol. For
enumeration of the signals on single blastomere nuclei, we used scoring criteria previously published
(Munné et al., 1998b). A nucleus was considered normal, if it showed the normal (diploid) amount
of signals for the chromosomes investigated and abnormal if one or more of the chromosomes
investigated showed more or less signals than expected. If one cell was available for diagnosis,
WKHHPEU\RZDVFODVVLÀHGDVQRUPDORUDEQRUPDORQWKHEDVLVRIWKH),6+UHVXOW,QFDVHWZRFHOOV
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ZHUHDYDLODEOHHPEU\RVZHUHFODVVLÀHGDVQRUPDO ERWKQXFOHLQRUPDO),6+UHVXOWV XQLIRUPO\
abnormal (both nuclei showing the same abnormality), or mosaic (one normal nucleus and one
abnormal or two abnormal nuclei with each nucleus showing one or more different chromosome
abnormalities). No more than two normal embryos were transferred to the patient.
$V D UHVXOW RI FKURPRVRPDO PRVDLFLVP WKH GHÀQLWLRQ RI DQ DEQRUPDO HPEU\R LV GLIIHUHQW LI
one cell is available for analysis compared to two available cells. Also, embryos where only one
cell could be biopsied differ developmentally from embryos where a two-cell biopsy was possible.
To obtain uniformity for statistical analysis, we used two approaches. First, all embryos were
FODVVLÀHGLQUHWURVSHFWDVHLWKHUQRUPDORUDEQRUPDORQWKHEDVLVRIWKH),6+UHVXOWVREWDLQHGIURP
WKHÀUVWELRSVLHGEODVWRPHUHHYHQLIWZRFHOOVZHUHDYDLODEOH6HFRQGWKHDQDO\VLVZDVUHSHDWHGIRU
only those embryos with a PGS diagnosis based on two cells.
Outcome measures

Primary outcome measures were ovarian response, as assessed by the number of oocytes obtained and
the proportion of chromosomally abnormal embryos per patient. This was expressed as the ratio of
abnormal embryos on the number of embryos diagnosed per patient. Secondary outcome measures
were the proportion of fertilized oocytes, the proportion of embryos with normal morphology
DQGWKHSURSRUWLRQRIHPEU\RVELRSVLHGDQGGLDJQRVHG$OOSURSRUWLRQVZHUHÀUVWFDOFXODWHGSHU
patient and then averaged for each treatment group. As women were randomly assigned to two
different ovarian stimulation protocols to detect possible differences in chromosomal abnormality
rates of embryos generated, this is the correct unit of statistical analysis.
Statistical analysis

Before commencing the study, the sample size was determined. We assumed a reduction in the
aneuploidy rate from 30% after conventional ovarian stimulation, to 20% after mild ovarian
stimulation. We calculated that 293 embryos in each group would achieve an 80% power to detect
this 10% difference at an alpha level of 0.05 with the use of a two-sided t-test. With an expected
average of six embryos following conventional and four following mild ovarian stimulation and
an expected drop out rate of one-third of the patients from each group, the total number of
subjects to be included was 73 patients in the conventional group and 109 patients in the mild
group. However, due to increasing concern regarding the safety of a two cell biopsy with respect
to the implantation potential of the embryo (Cohen and Munné, 2005), an interim analysis was
performed after the inclusion of 111 patients. The proportion of chromosomally abnormal embryos
SHUSDWLHQWZDVIRXQGWREHVLJQLÀFDQWO\UHGXFHGDIWHUPLOGRYDULDQVWLPXODWLRQ 3  DQG
therefore, the study was terminated.
A chi-square test was used to test for differences between the two groups in the percentage of
oocyte retrieval and percentage of biopsies. A t-test was used to test for differences in continuous
variables and parameters that were -per patient- averaged over oocytes or over embryos, e.g. the
average morphology score of the embryos or the percentages of abnormal embryos. P-values < 0.05
ZHUHFRQVLGHUHGVWDWLVWLFDOO\VLJQLÀFDQW

5HVXOWV
Patient and study characteristics

One-hundred and eleven patients were included. Initial screening characteristics (median and
range) for all patients were: female age 33.7 (range 22-37) years, early follicular phase (cycle
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day 3) FSH levels 7.5 IU/ l (range 1.3 – 18) and inhibin B levels 87 ng/ l (range 47 - 1056). There
ZHUHQRVLJQLÀFDQWGLIIHUHQFHVEHWZHHQWKHJURXSVLQGHPRJUDSKLFYDULDEOHVRULQLWLDOVFUHHQLQJ
parameters. In 73 patients (66%), treatment resulted in an IVF cycle where embryos were available
for PGS. Reasons for patient drop out and exclusion from analysis are given (Figure 3.1.2).
A total of 943 oocytes were obtained in both groups, resulting in 528 (56%) fertilized oocytes.
From these, 340 embryos were suitable for biopsy and 302 embryos were successfully diagnosed
by FISH. In 108 embryos the diagnosis was based on one cell. For 194 embryos the diagnosis was
based on two cells.

)LJXUH7ULDOSURÀOHDQGÁRZRISDWLHQWV2+66VWLPXODWLRQZDVGLVFRQWLQXHGEHFDXVHRIVLJQVRIDQLPPLQHQW2YDULDQ
Hyperstimulation Syndrome; Low response: only one growing follicle observed at ultrasound; ICSI: Intra cytoplasmic sperm
LQMHFWLRQQHFHVVDU\GXHWRXQH[SHFWHGSRRUVHPHQTXDOLW\RQWKHGD\RIRRF\WHUHWULHYDO

Chromosomal competency correlates to ovarian response.

The distribution of the number of oocytes retrieved per patient is different following conventional
and mild ovarian stimulation, with skewing of the curve following mild stimulation towards
fewer oocytes (Figure 3.1.3a and b). For each stimulation protocol, differences in the proportion
of abnormal embryos based on one cell diagnosis were correlated to ovarian response per patient
)LJXUHFDQGG :LWKLQWKHPLOGJURXSDVLJQLÀFDQWSRVLWLYHFRUUHODWLRQ 3HDUVRQFRUUHODWLRQ
= 0.4; P = 0.006) was observed between the number of oocytes obtained and the proportion of
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abnormal embryos. In the conventional stimulation group, no correlation was observed (Pearson
FRUUHODWLRQ   3    7KH GLVWULEXWLRQ IRXQG DIWHU PLOG VWLPXODWLRQ ZDV VLJQLÀFDQWO\
different from the one found after conventional stimulation (P = 0.016; test for interaction in
ANOVA).
Table 3.1.1 summarizes outcome measures and clinical results. Although more oocytes were
obtained per patient following conventional ovarian stimulation (12.1 vs. 8.2, P = 0.001), no
differences were observed in fertilization rates or percentage of embryos biopsied and diagnosed
between the groups. The proportion of embryos of normal morphology was higher after mild
compared to conventional ovarian hyperstimulation (51% vs. 35%; P = 0.04).

Figure 3.1.3. Distribution of number of oocytes retrieved per patient and relationship between oocyte number and percentage of
abnormal embryos generated following conventional (a and c) and mild ovarian stimulation for IVF (b and d).
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Mild ovarian stimulation results in a reduced proportion of abnormal and mosaic embryos.

%DVHGRQWKHÀUVWFHOOELRSVLHGWKHSURSRUWLRQRIFKURPRVRPDOO\DEQRUPDOHPEU\RVSHUSDWLHQW
ZDVVLJQLÀFDQWO\GHFUHDVHGIROORZLQJPLOGVWLPXODWLRQ 7DEOH 7KHSHUFHQWDJHRIDEQRUPDO
embryos relative to the number of embryos diagnosed was 45% following mild stimulation
(40 patients), vs. 63% after conventional stimulation (33 patients; P = 0.02). Mild stimulation
UHVXOWHGLQVLJQLÀFDQWO\OHVVRRF\WHVDQGHPEU\RVEXWWKHUHZDVQRGLIIHUHQFHEHWZHHQWKHWZR
study-groups in the average number of chromosomally normal embryos (1.8) obtained per patient
(Figure 3.1.4).
By analyzing the group of embryos in which two cells were available for diagnosis, insight
into chromosomal mosaicism could be obtained (Table 3.1.1). In this group, the diagnosis could be
normal, abnormal or mosaic. Overall abnormality rates (abnormal and mosaic embryos) were 55%
following mild (38 patients) and 73% following conventional ovarian stimulation (30 patients;
3    FRQÀUPLQJ WKH GLIIHUHQFH LQ DEQRUPDOLW\ UDWHV REVHUYHG DIWHU VLQJOH FHOO GLDJQRVLV
+RZHYHU WKH SURSRUWLRQ RI PRVDLF HPEU\RV SHU SDWLHQW ZDV PRUH VLJQLÀFDQWO\ LQFUHDVHG
following conventional ovarian stimulation (37% vs. 65%; P = 0.004). This observation indicates
that the increase in abnormal embryos is mainly due to an increase in mitotic segregation errors
in early embryonic cleavage divisions.

)LJXUH  2RF\WH DQG HPEU\R \LHOG HPEU\RV VXFFHVVIXOO\ ELRSVLHG DQG GLDJQRVHG E\ ),6+ DQG HPEU\RV GLDJQRVHG DV
chromosomally normal on the basis of FISH results from one cell following conventional and mild stimulation. Values are
UHSUHVHQWHGDVPHDQ6' 3

3
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Patient selection does not explain observed differences in aneuploidy rate.

$OWKRXJKQRWVLJQLÀFDQW Ȥ2; P = 0.097), a trend was observed following mild stimulation towards
a higher rate of drop out before PGS analysis, since 27 out of 67 (40%) patients were either
lost before oocyte retrieval, fertilization, or embryo biopsy (Figure 3.1.2). After conventional
stimulation, 11 out of 44 (25%) patients did not reach PGS analysis. The retrieval of only a few
oocytes after conventional stimulation has been attributed to ovarian aging (Beckers et al., 2002;
de Boer et al., 2002) and an age-dependent increase in chromosomal abnormalities in oocytes
has been reported (Hassold and Hunt, 2001). It is therefore possible that women with more
advanced ovarian aging undergoing mild stimulation were less likely to meet the criteria for
oocyte retrieval. To exclude such a potential selection bias, female age and two distinct markers
for ovarian aging (early follicular phase FSH and inhibine B levels) (Groome et al., 1996; Creus
et al., 2000) were compared between patients who did and the patients who did not reach PGS
following mild stimulation. No differences were observed in age (33.2 ±3.2 years vs. 32.3 ±3.4; P =
0.31), baseline serum levels of FSH (7.8 ± 2.2 IU/ l vs. 7.7 ± 3.3 IU/ l; P = 0.93) or inhibin B (110 ± 75
ng/ l vs. 108 ± 129 ng/ l; P = 0.96). Moreover, when the seven subjects with the lowest oocyte yield
after conventional ovarian stimulation (Fig. 4c) were retrospectively excluded to obtain equal
drop out rates, the average proportion of abnormal embryos following conventional stimulation
ZDV VWLOO VLJQLÀFDQWO\ KLJKHU  YV  IRU FRQYHQWLRQDO DQG PLOG UHVSHFWLYHO\ 3   
Therefore, it is unlikely that the observed reduction in the proportion of abnormal embryos is the
result of a selection after mild ovarian stimulation for women with less advanced ovarian aging.

Discussion
The recent introduction of GnRH antagonists provides the opportunity to employ ovarian
stimulation for IVF without disrupting early follicular phase dynamics. In the present randomized
trial, we compare the effect of a mild stimulation approach to a conventional hyperstimulation
regimen by assessing chromosomal competence of embryos. We found that mild stimulation
LV DVVRFLDWHG ZLWK D UHGXFWLRQ LQ WKH QXPEHU RI RRF\WHV UHWULHYHG DQG D VLJQLÀFDQWO\ KLJKHU
proportion of chromosomally normal embryos. Consequently, the number of chromosomally
FRPSHWHQWHPEU\RVREWDLQHGSHUZRPDQLVVLPLODU DURXQGWZR GHVSLWHDVLJQLÀFDQWUHGXFWLRQ
in the total number of embryos in the mild stimulation group. In addition, analysis of two
cells per embryo demonstrated that the increase in chromosomal abnormalities observed after
conventional stimulation, is mainly due to an increased incidence of chromosomal mosaicism.
In the mild stimulation group, patients received lower doses of exogenous FSH. Since no down
regulation of endogenous FSH production has taken place, serum FSH concentrations on cycle
day 8 were shown to be equivalent to those observed in conventional stimulation (Hohmann et
al., 2003). Consequently, the main difference between the two stimulation protocols is effected in
the early stages of secondary follicle recruitment. In the natural cycle, follicles that develop to the
*UDDÀDQSUHRYXODWRU\VWDJHDUHVHOHFWHGIURPDSRRORIDQWUDOIROOLFOHV$IWHUEHFRPLQJ)6+
GHSHQGHQWWKH´VHOHFWHGµGRPLQDQWIROOLFOHVLQGLUHFWO\DIIHFWWKHJURZWKRIWKHUHPDLQLQJIROOLFOHV
through their secretion of estrogens and inhibins, which suppress the secretion of pituitary FSH
(Fauser and Van Heusden, 1997; Zeleznik and Hillier, 1984). In addition, the dominant follicle
suppresses subdominant follicles through intraovarian mechanisms (Baker and Spears, 1999). In
the mild stimulation protocol, these initial stages of follicle selection are not affected. In contrast,
following conventional ovarian stimulation, natural follicle selection is completely overruled,
allowing the non-discriminate growth of many follicles with or without competent oocytes.
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However, although unlikely, the possibility that the different GnRH analogues themselves
LQÁXHQFHWKHFKURPRVRPDOFRQVWLWXWLRQRIWKHHPEU\RVLQWKLVVWXG\FDQQRWEHUXOHGRXW
Following recruitment into the growing pool, the oocyte expands from 35 to 120 μm in
diameter which represents a 100-fold increase in volume over a period of several months (Gosden
and Bownes, 1995). Oocyte growth and maturation is interlinked with follicle development,
and bi-directional signaling occurs between oocytes and granulosa cells (Eppig, 2001). Oocytes
have to achieve both nuclear and cytoplasmic maturity in order to sustain the early stages of
embryonic development (Albertini et al., 2003). Recently, experimental evidence in mice showed
that disturbances in the complex interplay of signals regulating folliculogenesis may alter the late
stages of oocyte growth, increasing the risk for chromosome malsegregation in subsequent meiotic
divisions (Hodges et al. 7KHVHÀQGLQJVRIIHUDUDWLRQDOHIRURXUÀQGLQJVRIDQLQFUHDVHG
proportion of chromosomally normal embryos after mild ovarian stimulation. Interestingly, in the
present study, the increase in the proportion of abnormal embryos was found to be mainly the
result of an increase in mitotic segregation errors, leading to mosaic embryos. Since the embryonic
genome does not become active until the eight cell stage (Braude et al., 1988), until then the cell
cycle machinery is dependent on the protein and mRNA content of the oocyte. Recently, a direct
link has been established between defects in the oocyte and an increased incidence in mitotic
segregation errors. An experimental mouse model, with an inactivated protein subunit of the
meiotic synaptonemal complex (SYCP3) revealed not only an increased level of segregation errors
DWWKHÀUVWPHLRWLFGLYLVLRQEXWDOVRVKRZHGDVXEVWDQWLDOLQFUHDVHLQPLWRWLFVHJUHJDWLRQHUURUV
GXULQJWKHÀUVWHPEU\RFOHDYDJHGLYLVLRQV <XDQet al., 2002; Lightfoot et al., 2006).
Within the mild stimulation group, we also found that a low oocyte yield is associated with
a decrease in the proportion of aneuploid embryos. A previous study showed mild stimulation
to result in high quality embryos for transfer as indicated by good embryo morphology, and
pregnancy rates comparable to those following conventional ovarian stimulation (Hohmann et al.,
2003). Moreover, while no pregnancies were obtained in women who had produced four or less
oocytes following the conventional protocol, the majority of pregnancies obtained following mild
ovarian stimulation occurred in women where four or less oocytes were retrieved. A low number
of oocytes retrieved after stimulation may therefore represent an appropriate response to mild
stimulation. In contrast, a similar low response occurring after conventional ovarian stimulation
is indeed indicative of ovarian ageing (Beckers et al., 2002; de Boer et al., 2002).
Although implantation, ongoing pregnancy and ultimately live birth are the most meaningful
RXWFRPHPHDVXUHVRI,9)WKH\DUHRQO\SDUWLDOO\LQÁXHQFHGE\HPEU\RTXDOLW\DQGFDQRQO\EH
determined for the embryos transferred. In the current study, PGS was used as a parameter for
DVVHVVLQJHPEU\RTXDOLW\,WUHYHDOHGDVLJQLÀFDQWHIIHFWRIWKHRYDULDQVWLPXODWLRQUHJLPHQRQWKH
chromosome segregation ability of the resulting embryos. This observation supports the concept
that only the follicle with the most competent oocyte is selected during the natural cycle in the
mono-ovulatory human species. The present use of the mild stimulation protocol more closely
simulates the natural condition resulting in developmentally more competent oocytes. This
FRQFHSWLVDOVRFRQVLVWHQWZLWKDQH[WHQVLYHDQDO\VLVRIKLVWRULFDOGDWDVKRZLQJQRVLJQLÀFDQW
improvement of the pregnancy rate per oocytes retrieved using ovarian hyperstimulation as
compared to IVF results in the early 1980s, when IVF was performed without ovarian stimulation
(Inge et al., 2005).
In conclusion, the present study shows that mild ovarian stimulation results in fewer oocytes
and a decreased proportion of aneuploid and mosaic embryos. Future ovarian stimulation
strategies should not focus on obtaining as many oocytes as possible, but should aim at inducing
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a more physiological ovarian response, thus minimizing embryo aneuploidy rate and facilitating
selection of the best quality embryo for transfer.
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Conventional
stimulation

MildStimulation

No. of patients

40

55

3

Difference(95% CI)

Oocytes retrieved (n)

12.1 ± 5.7

8.2 ±4.8



3.9 (1.7 to 6.0)

Fertilization rate (%)

57 ± 28

55 ± 30

0.807

1.5 (-10 to 13)

*RRGTXDOLW\HPEU\RUDWHa (%)

35 ± 29

51 ± 40

0.04

-17 (-32 to -1)

Percentage of embryos diagnosed (%)

40 ± 22

45 ± 23

0.376

-5 (-15 to 6)

0.016

19 (4 to 34)

'LDJQRVLVEDVHGRQÀUVWFHOOELRSVLHGb:
No. of patients

33

40

Abnormal embryos / embryos diagnosed (%)

63 ± 28

45 ± 35

Diagnosis based on two cellsc:
No. of patients

30

38

Abnormal embryos / embryos diagnosed (%)

73 ± 33

55 ± 42

0.046

19 (0.3 to 36)

Mosaic embryos / embryos diagnosed (%)

65 ± 37

37 ± 39

0.004

28 (10 to 47)

Clinical outcome measures
1XPEHURIHPEU\RV(7

1.45 ± 0.51

1.46 ± 0.51

Ongoing pregnancy rate / started cycle (%)

7/ 41 (17)

12/ 63 (19)

2QJRLQJSUHJQDQF\UDWH(7 

7/ 31 (23)

12/ 35 (34)

'DWDDUHH[SUHVVHGDVPHDQDQG6'XQOHVVRWKHUZLVHVWDWHG 3YDOXHVDUHIURPDWZRVDPSOHWWHVW(7 HPEU\RWUDQVIHU
a (PEU\RV ZLWK QRUPDO PRUSKRORJ\ ZHUH GHÀQHG DV HPEU\RV ZLWK WLPHO\ GHYHORSPHQW  IUDJPHQWDWLRQ HTXDOO\ VL]HG

blastomeres and small or no irregularities observed in the cytoplasm.
b'LDJQRVLVRIQRUPDORUDEQRUPDOHPEU\RVZDVEDVHGRQWKH),6+UHVXOWVRIRQHFHOO,IWZRFHOOVZHUHDYDLODEOHWKHÀUVWFHOO

ELRSVLHGZDVGHWHUPLQHGLQUHWURVSHFWDQGXVHGIRUGLDJQRVLV5DWHVZHUHFDOFXODWHGÀUVWSHUSDWLHQWDQGWKHQDYHUDJHG
c2QO\HPEU\RVZKHUHWZRFHOOVZHUHDYDLODEOHIRUGLDJQRVLVZHUHWDNHQLQWRDFFRXQW$QHPEU\RZDVFRQVLGHUHGDEQRUPDOLIDW

least one of the two cells showed an abnormal result.
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Cytogenetic aspects of preimplantation genetic screening
,QWKHÀUVWSDUWRIWKLVWKHVLVWKHF\WRJHQHWLFDVSHFWVRISUHLPSODQWDWLRQJHQHWLFVFUHHQLQJZHUH
considered. A protocol was developed which allows screening of ten different chromosomes
in two rounds of FISH in a reliable fashion (Section 2.1). Furthermore, the entire process was
optimized so embryo biopsy and FISH analysis could be completed within the limited time
frame (1-2 days) available when performing PGS. Next to technical aspects, the choice which
chromosomes to investigate was important. Comparative genomic hybridization (CGH) studies
have shown that all chromosomes can show abnormalities in preimplantation embryos (Voullaire
et al., 2000, Wells and Delhanty, 2000; Voullaire et al., 2002). We chose to combine a commercially
available probe mix widely used in PGS clinics with a laboratory prepared probe mix, resulting
in the analysis of the copy number of chromosomes 1, 7, 13, 15, 16, 18, 21, 22, X and Y. Probes for
these chromosomes were selected since chromosomes 13, 18, 21 and the sex chromosomes can be
involved in viable trisomies. Chromosomes 7, 15, 16 and 22 are often found to be trisomic in early
miscarriages (Philipp et al., 2003) and abnormalities for chromosome 1 can lead to implantation
failure or missed abortion (Philipp et al., 2002). In Section 3.4, this protocol was extended to
include a second laboratory prepared probe mix, allowing the copy number of 15 chromosomes
to be investigated in three consecutive FISH rounds. Probes for chromosomes 2, 6, 10, 14 and 17
were added, as these chromosomes are implicated in early miscarriage and implantation failure
(Eiben et al., 1990; Causio et al., 2002; Philipp et al., 2002, 2003; Nagaishi et al., 2004), and are poorly
studied in preimplantation embryos.
Most laboratories employing PGS, perform a biopsy of only one blastomere and base the
diagnosis of normal or abnormal on this single cell. Aiming to investigate two blastomeres per
embryo allowed us to study chromosomal mosaicism in day 3 embryos. During the initial study
of biopsy and reanalysis of good quality cryopreserved embryos, 70% of the embryos were found
to be mosaic (Section 2.2). Although it was hypothesized that the cryopreservation process
might induce chromosomal abnormalities, comparably high rates of mosaicism were observed in
the subsequent study on fresh embryos after biopsy on day 3 (Section 2.3). Although artifact of
the FISH procedure resulting in misdiagnosis may explain some of the abnormalities observed,
FISH error rates on blastomeres are reported to be only 5% (Daphnis et al., 2004). Furthermore,
studies using other techniques than FISH, also described mosaicism in preimplantation embryos
(Jamieson et al., 1994; Wells and Delhanty, 2000; Voullaire et al., 2000; Voullaire et al., 2002;
.DW]-DIIHet al., 2004). Therefore, mitotic errors resulting in chromosomal mosaicism are highly
prevalent in human IVF derived preimplantation embryos.
By performing reanalysis of the PGS diagnosed embryos on day 5 of development, insight
into mechanisms of aneuploidy formation and the accuracy of the PGS diagnosis on day 3 was
obtained. Although PGS on two blastomeres appeared effective in detecting chromosome
aberrations resulting from meiotic non-disjunction events, an accurate prediction of the
chromosome constitution on day 5 was only obtained in about half of the cases if mitotic errors
were involved. The data from Chapter 2 reveal that chromosomal mosaicism is not limited to
cleavage stage embryos. The incidence of mosaicism seems to increase in embryos at the blastocyst
stage, while the level of mosaicism within the embryos decreases. As Section 2.4 demonstrates,
all chromosomes can be involved in mitotic segregation errors. Moreover, investigation of more
chromosomes results in an even further increase in the incidence of mosaicism.
Because of the biological phenomenon of mosaicism, it will be impossible to develop PGS at
the eight-cell stage into a fully reliable diagnostic test. Even if the diagnosis is based on two cells,
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it remains uncertain as to what extent these results represent the chromosomal constitution of
the remaining embryo. Removing cells from the embryo can also result in an alteration of the
level of mosaicism in the embryo. Moreover, because of the compromised functioning of cell cycle
check points, the remaining embryo can continue to change cytogenetically until the embryonic
genome becomes fully active, probably until the blastocyst stage.
As mentioned before, most IVF clinics perform PGS analysis on only a single biopsied
blastomere. This practice is likely to increase the chance for a false positive or false negative
diagnosis due to chromosomal mosaicism. This is illustrated in a recent publication where the
authors produced chromosomally normal stem cell lines from embryos diagnosed as abnormal
after a single cell biopsy (Munné et al., 2005). However, rather than acknowledge that this most
likely resulted from a false positive diagnosis due to mosaicism, they claim that the embryo had
XQGHUJRQH ´FKURPRVRPH QRUPDOL]DWLRQµ)DOVHQHJDWLYH GLDJQRVHV KDYHEHHQ UHSRUWHG DVZHOO
In a series of 3,747 PGS cycles resulting in 722 clinical pregnancies and 564 live births, three
cases with trisomy 21 occurred (Verlinsky et al., 2004). In our view, the limitation caused by the
phenomenon of mosaicism explains for a large part why the clinical effectiveness of PGS still
remains to be shown (Twisk et al., 2005; Shahine et al., 2006).
Little is known about the implantation potential of mosaic embryos and their ability to
develop into a healthy child. This will probably depend on the level of mosaicism, the type of
chromosome aberration and the chromosome involved. Future studies offering insight into
WKHVH PHFKDQLVPV ZLOO EH YLWDO WR RXU XQGHUVWDQGLQJ RI WKH VLJQLÀFDQFH DQG FRQVHTXHQFHV RI
chromosomal mosaicism. More research is needed to determine if some mosaic embryos can
be considered suitable for transfer depending on the type of aneuploidy and the chromosome
involved. Until this is resolved, screening of more chromosomes may result in potentially healthy
embryos being discarded. Therefore, investing in advanced techniques allowing all chromosomes
WREHLQYHVWLJDWHGQHHGFDUHIXOFRQVLGHUDWLRQ7HFKQLTXHVFRPELQLQJZKROHJHQRPHDPSOLÀFDWLRQ
with CGH or a CGH array (le Caignec et al., 2006), do not solve the problem of mosaicism and
will only increase the chance for its detection, thus yielding a diagnosis with unknown clinical
consequences.
Although PGS is applied in numerous IVF clinics around the world, there is an ongoing debate
DVWRZKLFKSDWLHQWVZRXOGEHQHÀWIURPWKLVWHFKQLTXH,QRWKHUZRUGVFDQ,9)SDWLHQWVZLWK
DQLQFUHDVHGULVNIRUDQHXSORLG\EHLGHQWLÀHG",QWKHVWXGLHVGHVFULEHGLQWKLVWKHVLV3*6ZDV
performed on embryos derived from a group of relatively young IVF patients with no apparent
increased risk. Still, only 36% of the embryos were found to be chromosomally normal. Interestingly,
Staessen et al., (2004) reported the exact same percentage of normal embryos after PGS on one or
two blastomeres in a group of older aged patients. So although older women are thought to have
DORZHUFKDQFHWRSURGXFHFKURPRVRPDOO\QRUPDOHPEU\RVWKLVFRXOGQRWEHFRQÀUPHGE\RXU
results. In fact, in 23% of the reanalyzed embryos, we observed a chromosome abnormality that
most likely originated during meiosis. It may be that all women seeking infertility treatment have
an increased incidence of chromosomally abnormal embryos. Alternatively, abnormality rates
PD\EHLQÁXHQFHGE\WKHKRUPRQDOWUHDWPHQWUHODWHGWRWKH,9)SURFHGXUH
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&OLQLFDOLPSOLFDWLRQVRI3*6ÀQGLQJV
In Section 3.1 the results of a randomized controlled trial are reported, comparing a mild
stimulation regimen using GnRH antagonist co-treatment (not interfering with secondary
follicle recruitment), with a conventional high dose exogenous gonadotropin regimen and GnRH
agonist co-treatment. In this randomized IVF study, PGS was used to assess chromosomal
FRPSHWHQFH DV WKLV LV OLNHO\ WR UHÁHFW HPEU\R TXDOLW\ :H REVHUYHG WKDW PLOG VWLPXODWLRQ
ZDVDVVRFLDWHGZLWKDUHGXFWLRQLQWKHQXPEHURIRRF\WHVUHWULHYHGEXWDVLJQLÀFDQWO\KLJKHU
proportion of chromosomally normal embryos was generated. Consequently, the absolute
number of chromosomally competent embryos obtained per woman was similar, despite a
VLJQLÀFDQWUHGXFWLRQLQWKHWRWDOQXPEHURIHPEU\RVJHQHUDWHGLQWKHPLOGVWLPXODWLRQJURXS
In addition, analysis of two cells per embryo demonstrated that the increase in chromosomal
abnormalities observed after conventional stimulation, is mainly due to an increased incidence
of chromosomal mosaicism. It appears that oocyte quality is linked to ovarian stimulation and
DOVRWRFKURPRVRPDOFRPSHWHQFHRIUHVXOWLQJHPEU\RV7KHVHGDWDVKRZIRUWKHÀUVWWLPHDGLUHFW
relationship between ovarian stimulation and the chromosomal competence of embryos. The
undisturbed process of cyclic follicle recruitment during the commencement of the menstrual
F\FOH GXULQJ PLOG VWLPXODWLRQ PD\ SURRI WR EH RI IXQGDPHQWDO VLJQLÀFDQFH 7KH SRVVLELOLW\
to minimize chromosomal abnormalities in embryos by applying milder ovarian stimulation
protocols should be further explored.
Interestingly, mild stimulation did not seem to decrease the proportion of uniformly aneuploid
embryos, resulting from a meiotic error. It appears that reduced oocyte quality as a result of
changes in follicle growth dynamics primarily has an impact on chromosomal competence of the
HPEU\RDQGWKHLQFLGHQFHRIPLWRWLFHUURUV,QFRQWUDVWRYDULDQDJLQJLQÁXHQFHVWKHRFFXUUHQFH
of meiotic errors. Differences in the mechanisms leading to both types of errors may underlie this
REVHUYDWLRQ0HLRWLFHUURUVDUHLQÁXHQFHGE\DSUHGLVSRVLWLRQRIWKHGLIIHUHQWFKURPRVRPHVGXH
to differences in number and placement of recombination sites. This predisposition is unlikely
to affect mitotic errors. More detailed studies on the incidence of chromosomal mosaicism in
IVF embryos from both younger and older women in response to different stimulation protocols
are needed to further elucidate causes of meiotic and mitotic segregation errors.
7R LPSURYH WKH HIÀFLHQF\ RI VLQJOH HPEU\R VHOHFWLRQ VHYHUDO VWUDWHJLHV KDYH EHHQ SURSRVHG
One such strategy is the transfer of a single blastocyst, as good quality blastocysts are more
likely to be chromosomally normal (Staessen et al., 2004, Magli et al., 2000). This was recently
shown to increase pregnancy rates in comparison to transfer of a single cleavage stage embryo
(Papanikolaou et al., 2006). However, concerns remain as to the extended culture of embryos
and associated risks for epigenetic defects, which may impact on fetal growth and development
(Jacob and Moley, 2005). This thesis suggests that selection of better quality embryos may also
be achieved by applying milder stimulation protocols, not aiming at obtaining as many oocytes
as possible, but taking advantage of processes within the natural cycle. This will have none
RI WKH ULVNV DVVRFLDWHG ZLWK H[WHQGHG FXOWXUH DQG KDV DGGHG EHQHÀWV WR WKH SDWLHQW VXFK DV
shorter duration of treatment and less side effects from the medication. We propose that mild
stimulation decreases the proportion of mosaic embryos. As mosaic embryos complicate PGS
diagnosis, mild stimulation protocols may also make PGS more effective. The observation that
within the mild stimulation group a low response was associated with a further decrease of
the proportion of abnormal embryos, underscores the need of further development of minimal
stimulation approaches.
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2EYLRXVO\ RXU ÀQGLQJV VKRXOG EH FRQÀUPHG E\ RWKHU ODERUDWRULHV 7KH FOLQLFDO VWXG\
XQGHUWDNHQ E\ XV UHSUHVHQWV WKH ÀUVW SURVSHFWLYHO\ GHVLJQHG UDQGRPL]HG VWXG\ IRFXVLQJ
on a possible relationship between interference with natural follicle development and the
chromosomal constitution of embryos. It should be realized that the number of women involved
is relatively small. Many different stimulation protocols are currently used at different IVF
clinics, as well as many different PGS methodologies. Future studies into the natural cycle and
new stimulation approaches are needed to study the effect of follicle dynamics on oocyte quality
and thus chromosomal competence of embryos.
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Summary
Chapter 1
The introduction of this thesis provides the reader with the necessary background information to
understand the rationale behind the studies conducted. It starts with the observation that human
UHSURGXFWLRQ LV D UHODWLYHO\ LQHIÀFLHQW SURFHVV DQG WKLV PD\ EH ODUJHO\ H[SODLQHG E\ WKH KLJK
incidence of chromosomal abnormalities in oocytes and embryos. Furthermore, an explanation
is given why selection of the embryo with the best implantation potential for transfer to the
uterine cavity is becoming increasingly important for IVF treatment cycles. Mechanisms of
aneuploidy formation in oocytes and embryos are discussed and the phenomenon of chromosomal
mosaicism in embryos is introduced. The possibilities and problems when using preimplantation
genetic screening are described. Subsequently, an outline of approaches used for ovarian(hyper)
VWLPXODWLRQ LV JLYHQ DQG SRVVLEOH PHFKDQLVPV KRZ RYDULDQ VWLPXODWLRQ FDQ LQÁXHQFH RRF\WH
quality and chromosome competence of resulting embryos. The chapter then proceeds with
stating the objectives and outline of the thesis.

Chapter 2
Section 2.1. The objective was to develop a DNA labeling protocol for the simultaneous detection
RI ÀYH GLIIHUHQW ÁXRUHVFHQW FKURPRVRPDO '1$ SUREHV ZLWKLQ RQH URXQG RI K\EULGL]DWLRQ ,Q
FRPELQDWLRQ ZLWK D FRPPHUFLDO ÀYHFRORU SUREH PL[ IRU WKH VHFRQG URXQG RI K\EULGL]DWLRQ
WKLVUHVXOWVLQDIDVWDQGUHOLDEOHÁXRUHVFHQWin situ hybridisation (FISH) protocol, enabling the
detection of 10 chromosomes within a working day. This is especially of use for preimplantation
genetic screening (PGS), when only single interphase nuclei are available for analysis and when
time is restricted.
'1$SUREHVZHUHODEHOHGZLWKIRXUGLIIHUHQWÁXRURFKURPHV 3DFLÀF%OXH$OH[D)OXRU
Alexa Fluor 594 and Alexa Fluor 488) using an ARES labelling kit, based on a two-step method.
Aminoallyl-dUTPs were incorporated by nick translation, followed by chemical linking of the
DPLQRPRGLÀHGÁXRUHVFHQWG\H7KHÀIWKFRORUZDVDFKLHYHGE\XVLQJWZRÁXRUHVFHQWG\HVLQ
WKHFKHPLFDOUHDFWLRQUHVXOWLQJLQGXDOODEHOLQJRIWKH'1$SUREHDQGÁXRUHVFHQFHGHWHFWDEOH
ZLWKDVSHFLÀFÀOWHUVHW7KHVHÀYHSUREHVZHUHVLPXOWDQHRXVO\K\EULGL]HGLQDÀUVW),6+URXQG
IROORZHGE\DVHFRQGK\EULGL]DWLRQZLWKDFRPPHUFLDOÀYHFRORUSUREHPL[WKXVDOORZLQJWKH
detection of chromosomes 1, 7, 13, 15, 16, 18, 21, 22, X and Y. Fixation and pre-treatment procedures
of the blastomere nuclei were further optimized. Using this labeling and FISH protocol, probe
K\EULGL]DWLRQ HIÀFLHQF\ ZKHQ WHVWHG RQ O\PSKRF\WH QXFOHL LV  :LWK WKH À[DWLRQ
protocol, blastomere nuclei maintain good morphology and show condensed and clear signals
HYHQDIWHUWKHVHFRQGURXQGRIK\EULGL]DWLRQ7KLVODEHOLQJPHWKRGLQFRPELQDWLRQZLWKVSHFLÀF
HSLÁXRUHVFHQFH ÀOWHUV HQDEOHV DQ LQGHSHQGHQW GHWHFWLRQ RI ÀYH GLIIHUHQW FKURPRVRPHV LQ RQH
URXQGRI),6+7KHZKROHSURFHVVRIELRSV\À[DWLRQDQGWZRURXQGVRIK\EULGL]DWLRQZLWKWKH
analysis of ten chromosomes can be completed within a day.
Section 2.2. Chromosomal mosaicism in human embryos may give rise to false positive or false
negative results in PGS. Therefore, we have investigated whether the results obtained from a two103

cell biopsy of frozen-thawed embryos and FISH analysis are representative for the chromosome
constitution of the remaining embryo on day 5. Cryopreserved day 3 embryos were thawed
and from surviving embryos two blastomeres were biopsied. FISH analysis was performed for
chromosomes 1, 7, 13, 15, 16, 18, 21, 22, X and Y. After biopsy, the embryos were cultured until day
5 and further analyzed using the same probe panels.
In all, 17 embryos were available with a diagnosis based on two blastomeres on day 3 and
FRQÀUPDWRU\VWXGLHVRQGD\,QRIWKHVHFDVHVWKHLQLWLDOGLDJQRVLVFRXOGEHFRQÀUPHG
However, in only six cases cytogenetic results were concordant. Besides the ten cases with a
´FRUUHFWµ GLDJQRVLV WKHUH ZHUH VL[ IDOVH SRVLWLYH UHVXOWV DQG RQH IDOVH QHJDWLYH DOO LQYROYLQJ
mosaicism. Investigating the chromosomal constitution of two blastomere nuclei offers a good
opportunity to study the incidence of chromosomal mosaicism in early embryo development. The
FRQÀUPDWLRQUDWHRIWKHUHVXOWVREWDLQHGRQGD\GHSHQGVRQWKHLQWHUSUHWDWLRQDQGLVKLJKHU
when considered from a clinical than from a cytogenetic point of view.
Section 2.3. In order to assess the frequency of aneuploidy and mosaicism in embryos obtained from
IVF patients younger than 38 years of age, PGS was performed after biopsy of two blastomeres.
Furthermore, the reliability of this diagnosis was assessed by performing reanalysis of the
embryo on day 5. The copy numbers of ten chromosomes (1, 7, 13, 15, 16, 18, 21, 22, X and Y) were
LQYHVWLJDWHGE\),6+DQDO\VLV(PEU\RVIRXQGWREHDEQRUPDORURILQVXIÀFLHQWPRUSKRORJLFDO
quality were cultured until day 5 and reanalyzed. Results obtained were compared to the day 3
blastomere analysis.
After analysis of 196 embryos (one cell in 38% and two cells in 62%), only 36% of the embryos
were found to be normal on day 3. After analysis of two blastomeres, 50% showed chromosomal
mosaicism. Comparison of the FISH results from day 3 blastomeres and day 5 embryos yielded
DQRYHUDOOF\WRJHQHWLFFRQÀUPDWLRQUDWHRI7KHUDWHVRIPRVDLFLVPDQGDQHXSORLG\LQWKHVH
embryos from young IVF patients are similar to those published for older women. We found the
EHVWFRQÀUPDWLRQUDWHDIWHUDGLDJQRVLVEDVHGRQWZRFHOOVZKHUHERWKEODVWRPHUHVVKRZHGWKH
VDPHFKURPRVRPDODEQRUPDOLW\,QFRQWUDVWDIWHUDPRVDLFGLDJQRVLVWKHFRQÀUPDWLRQUDWHZDV
ORZ7KHSUHVHQWVWXG\SURYLGHVWKHÀUVWGHWDLOHGUHDQDO\VLVGDWDRIHPEU\RVDQDO\]HGE\3*6
and clearly demonstrates the impact of mosaicism on the reliability of the PGS diagnosis.
Section 2.4. Screening for an increased number of chromosomes may improve the capability of
PGS to detect the embryo(s) for transfer in IVF with the best chance to develop into a healthy
child. Good quality day 4 and day 5 embryos were analyzed after cryopreservation for the nine
chromosomes mostly recommended for screening (13, 14, 15, 16, 18, 21, 22, X and Y), next to
six additional chromosomes which are less well studied in this context (1, 2, 6, 10 and 17). The
copy numbers of 15 chromosomes were investigated by FISH in three consecutive rounds. The
proportion of aneuploid and mosaic embryos was determined and compared in retrospect to
results in case only the recommended probe set was analyzed.
A total of 52 embryos from 29 infertile women were analyzed. Screening the embryos for six
additional chromosomes increased the proportion of abnormal embryos from 67% to 81% (P =
0.03), due to an increase in mosaic embryos. All but one of the meiotic aneuploidies found in this
study would have been detected by the probe set most frequently used in PGS clinics. However,
aneuploid cell lines originating from mitotic errors could be detected for almost all chromosomes.
The added value of screening for six additional chromosomes in PGS for clinical practice remains
undetermined as long as the fate of mosaic embryos after transfer is unclear.
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Chapter 3
Section 3.1. The incidence of chromosomal abnormalities in human preimplantation embryos
is extremely high. To test whether ovarian hyperstimulation for IVF affects oocyte quality
and thus chromosome segregation behavior during meiosis and early embryo development,
preimplantation genetic screening of embryos was employed in a prospective, randomized
controlled trial, comparing two ovarian stimulation regimens. Infertile patients under 38 years
of age were randomly assigned to undergo a mild stimulation regimen using GnRH antagonist
co-treatment, which does not disrupt secondary follicle selection, or a conventional high dose
exogenous gonadotropin regimen and GnRH agonist co-treatment. Following IVF, embryos were
biopsied at the eight-cell stage and the copy number of nine chromosome pairs was analyzed in
one or two blastomeres.
&RPSDUHGWRFRQYHQWLRQDOK\SHUVWLPXODWLRQVLJQLÀFDQWO\IHZHURRF\WHVDQGHPEU\RVZHUH
obtained following mild stimulation. The resulting embryos in the mild stimulation group showed
a lower embryo aneuploidy rate (45 percent vs. 63 percent, P = 0.02), mainly due to a reduction
in mitotic segregation errors. Consequently, both regimens generated a similar number (1.8) of
chromosomally normal embryos. This observation supports the concept that an undisturbed
process of secondary follicle selection results in the growth of only those follicles with the most
competent oocytes. Future ovarian stimulation strategies should avoid maximizing oocyte yield,
but focus on minimizing embryo aneuploidy rates.

Chapter 4
In this chapter the most important conclusions from the conducted studies are summarized and
implications for clinical practice and future research are discussed.
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Samenvatting
Hoofdstuk 1
De inleiding van dit proefschrift voorziet de lezer van achtergrond informatie, nodig om de
beschreven studies te begrijpen. Het begint met de observatie dat humane voortplanting een
UHODWLHILQHIÀFLsQWSURFHVLV'LWIHLWNDQJURWHQGHHOVYHUNODDUGZRUGHQGRRUKHWYDDNYRRUNRPHQ
van chromosomale afwijkingen in eicellen en embryo’s. Verder wordt uitgelegd waarom het steeds
belangrijker wordt om bij een IVF-behandeling het embryo met de beste kansen op implantatie te
kunnen selecteren om terug te plaatsen in de baarmoederholte. Mechanismen, die een rol spelen
bij het ontstaan van aneuploïdie in eicellen en embryo’s worden beschreven en het fenomeen van
embryo’s met een mozaïek chromosoompatroon wordt toegelicht. De mogelijkheden en problemen
die pre-implantatie genetische screening met zich meebrengt, worden besproken. Vervolgens
ZRUGHQ YHUVFKLOOHQGH PDQLHUHQ YDQ RYDULsOH K\SHU VWLPXODWLH EHVFKUHYHQ (U ZRUGW LQJHJDDQ
RS KRH RYDULsOH VWLPXODWLH LQYORHG ]RX NXQQHQ KHEEHQ RS GH HLFHONZDOLWHLW HQ FKURPRVRPDOH
competentie van resulterende embryo’s. Tot slot bevat dit hoofdstuk de doelstellingen en de
opzet van het proefschrift.

Hoofdstuk 2
Paragraaf 2.1. Het doel was een DNA labelingsprotocol te ontwikkelen, waarmee het mogelijk is vijf
YHUVFKLOOHQGHÁXRUHVFHUHQGHFKURPRVRPDOH'1$SUREHVWHGHWHFWHUHQELQQHQppQK\EULGLVDWLH
URQGH,QFRPELQDWLHPHWHHQFRPPHUFLsOHYLMINOHXUHQSUREHPL[UHVXOWHHUWGLWLQHHQVQHOHQ
EHWURXZEDDUÁXRUHVFHQWin situ hybridisatie (FISH) protocol. Hiermee wordt het mogelijk tien
verschillende chromosomen te screenen binnen één werkdag. Dit is vooral interessant voor het
gebruik bij pre-implantatie genetische screening (PGS), waarbij slechts enkele interfase kernen
beschikbaar zijn voor de analyse en waarbij de tijd beperkt is.
'H'1$SUREHVZHUGHQJHODEHOGPHWYLHUYHUVFKLOOHQGHÁXRURFKURPHQ 3DFLÀF%OXH$OH[D
Fluor 350, Alexa Fluor 594 and Alexa Fluor 488) met gebruikmaking van een ARES labeling kit.
Eerst werden aminoallyl-dUTP’s ingebouwd in het DNA door middel van nick translation, waarna
KHWÁXRURFKURRPFKHPLVFKJHOLQNWZHUGDDQKHWDPLQRJHPRGLÀFHHUGH'1$'HYLMIGHNOHXUZHUG
YHUNUHJHQGRRUWZHHYHUVFKLOOHQGHÁXRURFKURPHQWHFRPELQHUHQWLMGHQVGHFKHPLVFKHOLQNLQJ
'LWUHVXOWHHUGHLQHHQÁXRUHVFHQWLHGHWHFWHHUEDDUPHWHHQVSHFLÀHNHÀOWHUVHW'H]HYLMISUREHV
werden tegelijkertijd gehybridiseerd in een eerste ronde FISH, gevolgd door een tweede ronde
PHWGHFRPPHUFLsOHSUREHPL[2SGH]HPDQLHUNRQGHQGHFKURPRVRPHQ;
HQ<JHGHWHFWHHUGZRUGHQ2RNZHUGGHÀ[DWLHPHWKRGHHQYRRUEHKDQGHOLQJYDQGHEODVWRPHUHQ
JHRSWLPDOLVHHUG0LGGHOVGLWODEHOLQJHQ),6+SURWRFRONRQHHQK\EULGLVDWLHHIÀFLsQWLHYDQ
JHKDDOGZRUGHQRSNHUQHQYDQO\PIRF\WHQ0HWKHWÀ[DWLHSURWRFROEHKRXGHQGHNHUQHQYDQ
blastomeren hun morfologie en geven compacte en duidelijke FISH signalen, zelfs na de tweede
K\EULGLVDWLHURQGH'H]HPDQLHUYDQODEHOHQLQFRPELQDWLHPHWVSHFLÀHNHHSLÁXRUHVFHQWHÀOWHUV
levert een onafhankelijke detectie op van vijf verschillende chromosomen in één enkele FISH
URQGH+HWKHOHSURFHVYDQHPEU\RELRSVLHÀ[DWLHHQWZHHK\EULGLVDWLHURQGHVPHWGHDQDO\VH
van tien verschillende chromosomen kan worden afgerond in één dag.
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Paragraaf 2.2. Een mozaïek chromosoompatroon in humane embryo’s kan leiden tot vals positieve
of vals negatieve resultaten bij PGS. Daarom hebben wij onderzocht of de FISH-resultaten op dag
3 representatief zijn voor de chromosoom samenstelling van het resterende embryo op dag 5 na
bevruchting. Ingevroren embryo’s werden ontdooid, en uit de overlevende embryo’s werden twee
cellen verwijderd. FISH analyse werd gedaan voor de chromosomen 1, 7, 13, 15, 16, 18, 21, 22, X en
Y. Na de biopsie werden de embryo’s doorgekweekt tot dag 5, waarna alle kernen van het embryo
werden geanalyseerd voor dezelfde chromosomen.
In totaal waren 17 embryo’s beschikbaar met een diagnose gebaseerd op twee cellen en
DDQYXOOHQG RQGHU]RHN RS GDJ  ,Q  YDQ GH]H  HPEU\R·V NRQ GH LQLWLsOH GLDJQRVH ZRUGHQ
bevestigd. Echter, in slechts zes gevallen kwamen de cytogenetische bevindingen helemaal
RYHUHHQ1DDVWGHWLHQ´FRUUHFWHµGLDJQRVHVZDUHQHURRNQRJ]HVYDOVSRVLWLHYHGLDJQRVHVHQppQ
vals negatieve, en in deze embryo’s werd steeds een mozaïek chromosoompatroon gevonden. Het
onderzoeken van de chromosomale samenstelling van twee blastomeer-kernen per embryo biedt
de kans om mosaicisme in het pre-implantatie embryo te bestuderen. De diagnose gevonden op
dag 3 kan vaker als bevestigd worden beschouwd op dag 5, indien gezien vanuit een klinisch dan
vanuit een cytogenetisch oogpunt.
Paragraaf 2.3. Om de frequentie van (mozaïek) aneuploïde IVF embryo’s in vrouwen jonger
dan 38 jaar te onderzoeken, werd PGS verricht na biopsie van twee blastomeren per embryo.
Verder werd de betrouwbaarheid van deze diagnose onderzocht door heranalyse van het
embryo op dag 5. Het kopie-aantal van tien chromosomen (1, 7, 13, 15, 16, 18, 21, 22, X en Y) werd
onderzocht door middel van FISH analyse. Embryo’s die afwijkend bevonden werden, of die
van onvoldoende morfologische kwaliteit waren, werden doorgekweekt tot dag 5 en vervolgens
volledig geanalyseerd. De resultaten verkregen op dag 5 zijn vergeleken met de resultaten van de
blastomeer-analyse op dag 3.
Na analyse van 196 embryo’s, waarvan in 38% één cel en in 62% twee cellen zijn onderzocht,
werd slechts 36% chromosomaal normaal bevonden. Na analyse van twee cellen per embryo,
werd een mozaïek chromosoompatroon gevonden in 50% van de embryo’s. Na vergelijking van
de FISH resultaten van dag 3 blastomeren met dag 5 embryo’s, kon de diagnose cytogenetisch
bevestigd worden in 54% van de embryo’s. Het percentage mozaïeke of aneuploïde embryo’s
YHUNUHJHQLQGH]HJURHSMRQJH,9)SDWLsQWHQ]LMQYHUJHOLMNEDDUPHWSHUFHQWDJHVEHVFKUHYHQYRRU
vrouwen boven de 35 jaar. De grootste kans op bevestiging van de diagnose vonden wij na analyse
van twee cellen, waarbij beide blastomeren overeenkomstige resultaten lieten zien. Indien een
mozaïeke samenstelling werd gevonden, was de kans op bevestiging op dag 5 laag. De huidige
studie beschrijft de eerste gedetailleerde heranalyse data van embryo’s na PGS analyse en laat
duidelijk het effect zien van mosaicisme op de betrouwbaarheid van de PGS diagnose.
Paragraaf 2.4. Screening van zoveel mogelijk chromosomen zou de effectiviteit van PGS kunnen
verbeteren, doordat de IVF embryo’s met de beste kansen om na terugplaatsing uit te groeien
WRWHHQJH]RQGNLQGEHWHUJHwGHQWLÀFHHUG]RXGHQNXQQHQZRUGHQ'DJHQGDJHPEU\R·VYDQ
goede kwaliteit zijn geanalyseerd na cryopreservatie, voor de negen chromosomen die meestal
worden aanbevolen voor screening (13, 14, 15, 16, 18, 21, 22, X en Y). Daarnaast werden nog zes
andere chromosomen onderzocht (1, 2, 6, 10 en 17), waarover in deze context weinig bekend is.
2SGH]HPDQLHUZHUGKHWDDQWDONRSLsHQYDQFKURPRVRPHQRQGHU]RFKWGRRUPLGGHOYDQ),6+
in drie opeenvolgenden hybridisatie-ronden. Het aandeel aneuploïde en mozaïeke embryo’s werd
hierna bepaald en dit werd retrospectief vergeleken met het resultaat dat behaald wordt indien
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Samenvatting

alleen de meest gangbare chromosomen geanalyseerd zouden zijn.
In totaal werden 52 embryo’s van 29 vrouwen onderzocht. Door zes extra chromosomen te
onderzoeken, nam het percentage chromosomaal afwijkende embryo’s toe van 67% naar 81%
(P = 0,03), voornamelijk door een toename van het aantal mozaïeke embryo’s. Op één geval na
zouden we alle embryo’s met een meiotische chromosoomafwijking, ook gevonden hebben met
de probe combinatie die meestal gebruikt wordt in PGS klinieken. Wij vonden echter afwijkende
cellijnen met een mitotische oorsprong voor bijna alle onderzochte chromosomen. Het screenen
van zes extra chromosomen lijkt voornamelijk de detectie van mozaïeke embryo’s te verbeteren.
De toegevoegde waarde hiervan is moeilijk te bepalen, zolang er geen duidelijkheid is over het
ontwikkelingspotentieel van deze embryo’s.

Hoofdstuk 3
Paragraaf 3.1. Chromosomale afwijkingen komen erg vaak voor in humane pre-implantatie embryo’s.
2PWHWHVWHQRIRYDULsOHK\SHUVWLPXODWLHYRRUHHQ,9)EHKDQGHOLQJGHHLFHONZDOLWHLWHQDOVUHVXOWDDW
daarvan het chromosoom segregatie patroon tijdens de meiose en de eerste klievingsdelingen van
het embryo beïnvloedt, werd PGS toegepast in een prospectief gerandomiseerde, gecontroleerde
VWXGLH+LHUELMZHUGHQ,9)SDWLsQWHQRQGHUGHMDDUJHUDQGRPLVHHUGYRRU
a)
een conventionele behandeling, gebuikmakend van een GnRH agonist en een hoge
dosering follikel stimulerend hormoon (FSH);
b)
een behandeling met een mild stimulatie protocol gebruikmakend van een GnRH
antagonist, en een lagere dosering FSH.
Dit laatste schema start op dag 5 van de menstruele cyclus, zodat het proces van secondaire
follikelselectie niet wordt verstoord. Na de IVF behandeling werden de embryo’s die hieruit
ontstonden, in het achtcellige stadium gebiopteerd en één of twee blastomeren onderzocht op
het voorkomen van numerieke afwijkingen in negen chromosoomparen.
1D PLOGH VWLPXODWLH E  ZHUGHQ VLJQLÀFDQW PLQGHU HLFHOOHQ HQ HPEU\R·V YHUNUHJHQ GDQ QD
de conventionele behandeling (a). Verder werd in de milde stimulatiegroep een duidelijk lager
percentage chromosomaal afwijkende embryo’s gezien (45% versus 63%, P = 0,02), wat vooral
te wijten was aan een lager percentage mozaïeke embryo’s. Dit had als resultaat dat beide
stimulatieschema’s gemiddeld per patient een vergelijkbaar aantal chromosomaal normale
embryo’s opleverde (1,8 embryo’s). Deze bevinding bevestigt de hypothese dat het onverstoord
laten van het proces van secondaire follikelselectie kan leiden tot groei van alleen follikels met
GHPHHVWFRPSHWHQWHHLFHOOHQ,QGHWRHNRPVW]RXRYDULsOHVWLPXODWLHYRRU,9)]LFKQLHWPRHWHQ
richten op het verkrijgen van zoveel mogelijk eicellen, maar zou het streven moeten zijn de kans
op embryo’s met chromosoomafwijkingen te minimaliseren.

Hoofdstuk 4
In dit hoofdstuk worden de voornaamste bevindingen van de beschreven studies samengevat.
Vervolgens worden de implicaties van deze bevindingen voor de klinische praktijk en voor
WRHNRPVWLJRQGHU]RHNEHGLVFXVVLsHUG
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als leerzaam. Niet alleen op onderzoeksgebied, maar ook qua levenservaring! Emilie, jij bent echt
de meest vriendelijke collega die ik ooit heb gehad. Ik hoop van harte dat jij straks ook jouw doel
kunt bereiken.
Mijn nieuwe collega’s van de afdeling Voortplantingsgeneeskunde en Gynaecologie van het
UMC Utrecht wil ik bedanken, omdat ze mij zo hartelijk hebben opgenomen in het team en voor
hun geduld als ik vaak nog met mijn hoofd bij mijn promotie-onderzoek zat.
0LMQ 3DUDQLPIHQ ZDW ÀMQ GDW MXOOLH QDDVW PLM VWDDQ /LHYH 5HLQ GH]H SURPRWLH LV KHW
bewijs dat jij toch slimmer bent dan ik. Zo’n uitputtend traject is toch ook maar een vorm van
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verstandsverbijstering, begin er nooit aan! Mireille -gooi al uw kommer op- de Heer, gelukkig was
KHWPRWWRYDQKHW2QDIKDQNHOLMN:DJHQLQJV'DPHV'LVSXXW0LHV´KHWNDQZqOµDQGHUVZDVKHW
QRRLWJHOXNW:DQQHHU]LMQZHRRNDOZHHUMDULJ"/DWHQZHGDWZHHUHHQVDOVYDQRXGVJDDQYLHUHQ
HQKRSHQGDWGHEDUPDQKHWUDPSHQSODQNHQW VWDDWGDWSDQNMHHUQRJLQGDWEDUN" 
Mijn ouders: eigenlijk zouden jullie op de eerste plaats moeten komen, want zonder jullie
positieve instelling en eindeloos vertrouwen in mijn kunnen, had ik het niet zo ver geschopt.
Ontzettend bedankt voor de onvoorwaardelijke steun in de afgelopen jaren. Jullie zijn ouders uit
duizenden!
Lieve, lieve Hogi, ik zou moeiteloos duizend redenen op kunnen noemen waarom ik van je hou,
maar eigenlijk heb ik helemaal geen reden nodig. In een ander proefschrift las ik ooit de stelling:
´3URPRWLHRQGHU]RHNLVGHXOWLHPHUHODWLHWHVWµ:LMKHEEHQGLWQXWZHHNHHUGRRUJHPDDNWGXV
(voor zover ik dat niet toch al wist): wij kunnen niet meer stuk! Ik hoop nu weer tijd te hebben
om jóuw boterhammen te smeren.
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Abbreviations
ANOVA
ART
ASRM
BUB
CCMO
CD
CGH
DAPI
DMF
DMSO
DNA
E2
ESHRE
ET
FISH
FRET
FSH
GnRH
hCG
ICSI
IU
IVF
LH
MI
MII
MAD
mRNA
OHSS
PB
PBS
PCR
PGD
PGD-AS
PGS
4)3&5
RCT
recFSH
RT
SAC
sc
SD
SSC
SYCP3
WGA

analysis of variance
assisted reproductive techniques
American Society for Reproductive Medicine
budding uninhibited by benomyl
Dutch Central Committee on Research Involving Human Subjects
Cycle day
comparative genomic hybridization
4’,6-diamidino-2-phenylindole
dimethylformamid
dimethylsulphoxide
deoxyribonucleic acid
17ȕ-oestradiol
European Society for Human Reproduction and Embryology
embryo transfer
ÁXRUHVFHQFHin situ hybridization
ÁXRUHVFHQFHUHVRQDQFHHQHUJ\WUDQVIHU
follicle-stimulating hormone
gonadotropin-releasing hormone
human chorionic gonadotropin
intracytoplasmic sperm injection
international unit
in vitro fertilization
luteinizing hormone
PHLRVLV,WKHÀUVWRIWZRFHOOGLYLVLRQVUHVXOWLQJLQKDSORLGL]DWLRQRIWKH
genome, also referred to as the reduction division
meiosis II, the second cell division during meiosis, also referred to as the
equational division
PLWRWLFDUUHVWGHÀFLHQW
messenger ribonucleic acid
ovarian hyperstimulation syndrome
polar body
phosphate buffered saline
polymerase chain reaction
preimplantation genetic diagnoses
preimplantation genetic diagnoses for aneuploidy screening
preimplantation genetic screening
TXDQWLWDWLYHÁXRUHVFHQWSRO\PHUDVHFKDLQUHDFWLRQ
randomized controlled trial
recombinant human FSH
room temperature
spindle assembly checkpoint
subcutaneous
standard deviation
standard saline citrate
synaptonemal complex protein 3
ZKROHJHQRPHDPSOLÀFDWLRQ
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Appendix

)LJXUH $) %ODVWRPHUHQXFOHXVDIWHUWKHÀUVWURXQGRI),6+VKRZLQJWKHQRUPDODPRXQWRIVLJQDOVIRUFKURPRVRPH
DTXD  EOXH  UHG ; \HOORZ DQG< JUHHQ '1$LVFRXQWHUVWDLQHGZLWK'$3, $ ,PDJHREWDLQHGDIWHUYLHZLQJZLWKWKH
EOXHÀOWHUVHW7KHVLJQDOVIURPWKH3DFLÀF%OXHÁXRURFKURPHDUHDOVRFOHDUO\YLVLEOH %&'( ,PDJHVREWDLQHGDIWHUYLHZLQJ
ZLWK WKH DTXD UHG JUHHQ DQG JROG ÀOWHU VHWV UHVSHFWLYHO\ )  &RPELQHG LPDJH RI WKH ÀUVW URXQG RI ),6+ DIWHU EDFNJURXQG
FRUUHFWLRQ * 6DPHQXFOHXVDIWHUWKHVHFRQGURXQGRI),6+VKRZLQJWKHQRUPDODPRXQWRIVLJQDOVIRUFKURPRVRPH UHG 
 DTXD  EOXH  JUHHQ DQG JROG 

)LJXUH $ %ODVWRPHUHQXFOHXVDIWHUWKHÀUVWURXQGRI),6+VKRZLQJWKHQRUPDODPRXQWRIVLJQDOVIRUFKURPRVRPH
DTXD  EOXH  UHG ; \HOORZ DQG< JUHHQ '1$LVFRXQWHUVWDLQHGZLWK'$3, % 6DPHQXFOHXVDIWHUWKHVHFRQGURXQGRI
),6+VKRZLQJWKHQRUPDODPRXQWRIVLJQDOVIRUFKURPRVRPH UHG  DTXD  EOXH  JUHHQ DQG JROG  & /LJKW
PLFURJUDSKVKRZLQJJRRGTXDOLW\GD\HPEU\REHIRUHELRSV\ 'DQG( 1XFOHLRIWZREODVWRPHUHVIURPWKLVHPEU\RDIWHUELRSV\
DQGWKHÀUVWURXQGRI),6+VKRZLQJWKUHHVLJQDOVIRUFKURPRVRPH DTXDVPDOODUURZKHDGV  ) /LJKWPLFURJUDSKVKRZLQJWKH
VDPHHPEU\RRQGD\ * 7ZRUHSUHVHQWDWLYHQXFOHLRIWKLVHPEU\RRQGD\DIWHUWKHÀUVWURXQGRI),6+$OOQXFOHLVKRZHGDQ
H[WUDVLJQDOIRUFKURPRVRPH DTXD '1$LVFRXQWHUVWDLQHGZLWK'$3,
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)LJXUH1XFOHLIURPEODVWRF\VWVWDJHHPEU\RVDIWHUFU\RSUHVHUYDWLRQ $' %ODVWRPHUHQXFOHLDIWHUWKHÀUVWURXQGRI),6+
VKRZLQJVLJQDOVIRUFKURPRVRPHV \HOORZ  DTXD  JUHHQ  UHG DQG EOXH '1$LVFRXQWHUVWDLQHGZLWK'$3,
%( 6DPHQXFOHLDIWHUWKHVHFRQGURXQGRI),6+VKRZLQJVLJQDOVIRUFKURPRVRPHV DTXD  EOXH  JUHHQ ; UHG DQG
< \HOORZ '1$LVFRXQWHUVWDLQHGZLWK'$3, &) 6DPHQXFOHLDIWHUWKHWKLUGURXQGRI),6+VKRZLQJVLJQDOVIRUFKURPRVRPHV
 UHG  DTXD  EOXH  JUHHQ DQG JROG  $%& 0DOHQXFOHXVVKRZLQJWKHH[SHFWHGQXPEHURIVLJQDOVIRUDOO
WKHFKURPRVRPHVLQYHVWLJDWHG '() 0DOHQXFOHXVVKRZLQJDPLVVLQJVLJQDOIRUFKURPRVRPHLQWKHVHFRQGURXQGDQGDQ
H[WUDVLJQDOIRUFKURPRVRPHLQWKHWKLUGURXQG$IWHUWKHVHFRQGURXQGDUHPQDQWRIWKHVLJQDOIRUFKURPRVRPHLVYLVLEOH
(arrows).
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