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Summary. Chromosome errors, inherited or arising de
novo during gametogenesis and transmitted at fertiliza-
tion to the conceptus, may be a major cause of embryon-
ic mortality. The in vitro fertilization and embryo trans-
fer (IVF/ET) procedure provides extra material — oo~
cytes, zygotes, and embryos — to investigate the con-
tribution of chromosomal abnormality to implantation
failure. This paper reviews the results of cytogenetic
studies on such material. Estimates from a total of 1120
oocytes from 11 studies give an overall proportion of
chromosomal abnormality of 35%. Single and multiple
nullisomies and disomies are found, involving nonrandom
chromosome gain or loss. Hypohaploid complements
are more frequent than hyperhaploid complements. The
higher rate of chromosome loss of hypohaploid karyo-
types was found to be largely artifactual. The estimated
overall frequency of aneuploidy is 13% . In embryos the
level of chromosomal abnormality is 23%-40%. Errors
of fertilization are responsible for a substantial number
of triploid embryos, many of which develop into mosaics.
Factors extrinsic to the conceptus, such as infertility, ad-
vanced maternal age, and ovarian hyperstimulation, may
increase the level of chromosomal abnormality. More
refined methods for accurately recognizing and selecting
chromosomally normal embryos for transfer are needed
to improve the success rate of this reproductive technol-

ogy.

Introduction

For many couples trying to conceive, whether naturally
or assisted by reproductive technology, the failure to
achieve and maintain pregnancy remains a major prob-
lem. Abnormal conceptions may be lost either subclini-
cally (due to embryonic mortality or failure to implant)
or clinically (abortions, stillbirths), or may result in live-
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births with congenital defects. Demographic data sug-
gest that embryonal death is substantial. Fecundability,
defined as the probability of producing a full-term infant
per menstrual cycle during which intercourse occurred, is
only 25% (Short 1979). Assessments of human chorionic
gonadotropin (HCG) in the weeks after ovulation have
revealed a transitory pregnancy among many women
(Edmonds et al. 1982; Miller et al. 1980), suggesting a
high rate of embryo mortality. The recent advent of re-
productive technologies now permits us to assess and re-
cord the proportion of unrecognized losses. In in vitro
fertilization and embryo transfer (IVF/ET), widely used
as an established procedure for the treatment of certain
types of infertility (Edwards et al. 1990), a significant
proportion of embryos — 70% or more — fail to implant;
at most 10% of transferred embryos will give rise to a
full-term infant (Braude et al. 1986).

Cytogenetic surveys of clinical losses have often dem-
onstrated a close association of abnormal conceptions
with chromosome errors. Estimates of chromosomally
abnormal abortuses range between 22% to 61% (weight-
ed mean 41.63% = 1.7%), with more than 90% of these
abnormalities being lethal in utero (reviewed in Kline et
al. 1989). Because the most severe abnormalities are
likely to have a very limited survival, one can expect to
find a higher rate and wider range of abnormalities shortly
after conception. Chromosomal abnormalities, which
may either be inherited or occur de novo during meiotic
maturation of the gametes and also sometimes during

fertilization or cleavage, can now be determined in IVF/

ET material not used for transfer. This material includes
unfertilized oocytes, uncleaved and multipronuclear zy-
gotes, and the remaining (spare) untransferred embryos.
As will be shown in this review, the availability of this
material has hitherto been very limited.

Problems of technique
The procedure commonly used for chromosome prepa-

ration is based on the original method of Tarkowsky
(1966) and needs technical skills. Handling of oocytes
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and embryos is always done under the stereomicroscope,
using a mouth-controlled micropipette. Embryos require
a short treatment with pronase to partially dissolve the
zona pellucida. Hypotonic sodium citrate (0.5% to 1.0%)
or KCl (0.075 M) at room temperature or 37°C are used.
Some add bovine serum albumin to prevent cell lysis.
After hypotonic treatment, each oocyte or embryo is
transferred to a grease-free slide, and fixative (methanol:
glacial acetic acid 3:1, vol/vol) is carefully added drop-
wise on top of the oocyte or embryo. The slide is then
gently blown to evaporate the fixative and to enhance
chromosome spreading.

Problems in obtaining chromosome preparations suit-
able for karyotyping greatly reduce this material. Fol-
lowing are the most important difficulties in technique:

- Qocytes

Metaphase II chromosomes of oocytes are contracted,
often with separated chromatids, and thus are difficult
for banding. This limitation permits diagnosis of numeri-
cal abnormalities only. By far the main problem in tech-
nique is oocyte aging. Oocytes remaining unfertilized
after insemination are prepared for chromosome analy-
sis at least 40h (or longer) after oocyte retrieval. Thus
many have aged by the time of fixation. In addition,
about 20% of the population of “unfertilized oocytes”
available for research are actually fertilized (but are ar-
rested in development and therefore are aged) and about
20% of oocytes are degenerated. Aged or degenerated
oocytes are easily destroyed during fixation resulting in
extensive chromosome loss. Fragmentation or clumping
of chromosomes are commonly observed in the prepara-
tions of these oocytes. Also, to be analyzable, prepara-
tions must be selected for adequate chromosome spread-
ing and little overlapping. Consequently these factors
drastically reduce the yield of preparations suitable for
karyotyping, resulting in a majority of studies having
only low numbers of analyzed oocytes.

Embryos

Obtaining useful, easily interpreted chromosome data
from the few cells available in early embryos presents
several problems. The two-cell stage gives most success
because the time for division to four cells can be antici-
pated by observing breakdown of the nuclear membranes,
thus minimizing the time in colcemide. A majority of
spare embryos, however, are in four-cell stage or later
(e.g., four-six cells). Because it is difficult to judge the
stage of the cell cycle when most nuclei are at mitosis,
colcemide exposure is prolonged to around 18-20h.
This time increases the yield of mitoses but often pro-
duces contracted chromosomes unsuitable for banding.
Another obvious difficulty is in obtaining preparations in
which the chromosomes have sufficient but not excessive
spreading.

Since spare embryos are those in excess of the three
most rapidly and evenly dividing embryos, spares neces-
sarily show variable quality. Many embryos show un-
equal blastomeres or moderate to severe fragmentation,

Some fragmented embryos may divide in vitro as some
normal-looking embryos do and their preparations show
chromosomes. Preparations of such fragmented embryos,
however, often show no chromosomes. Instead they have
multinucleated cells with “nuclei” of different size. In
addition, normal-looking embryos often show spontane-
ous cleavage arrest in vitro, thus markedly restricting the
number of dividing embryos. Finally, a fraction of em-
bryos are polyspermic and are also arrested in develop-
ment. Fragmentation, cleavage arrest, and polyspermy
together reduce the number of embryos with mitosis to
about one-third the original number. From this third
only those with adequate chromosome spreading can be
used for analysis.

Oocytes

Two types of oocytes from IVF/ET programs have been
used for chromosome analysis. These include fresh (do-
nated) oocytes and oocytes that remain unfertilized after
in vitro insemination. The former are difficult to obtain;
the latter are used in the majority of studies. The fre-
quency of chromosomal abnormalities in oocytes remain-
ing unfertilized appears to be no higher than that in
freshly recovered oocytes. The comparison, however,
may be inaccurate because of the small number of fresh
oocytes that have been analyzed. In two studies using
freshly recovered, noninseminated oocytes (Martin et al.
1986; Wramsby et al. 1987a), the former group found
that 34 of a total of 50 oocytes had a normal haploid
complement and 16 (32% ) had numerical abnormalities.
Single, double, or triple autosomal nullisomies and one
disomy were present. The latter group analyzed 17 oo-
cytes and found 9 with a normal haploid set of chromo-
somes and 8 (47%) that were abnormal with extra or
missing chromosomes, ranging in number from 19 to 25.

Among 1120 oocytes remaining unfertilized after in-
semination (determined by absence of pronuclei and
cleavage within 24 h after insemination), the results of 11
studies (Martin et al. 1986; Plachot et al. 1986; Veiga et
al. 1987; Wramsby and Fredga 1987; Bongso et al. 1988;
Djalali et al. 1988; Pellestor and Selle 1988; Ma et al.
1989; Papadopoulos et al. 1989; Delhanty and Penketh
1990; Macas et al. 1990) show a wide range in the total
frequencies of chromosomal abnormalities, varying be-
tween 23% and 65%, with a weighted mean of 35.0 £
1.4% (our calculation). The proportion of total abnor-
malities differs very significantly among studies (x?=
93.3, df =10, P << 107%). Data of these studies are sum-
marized in Table 1.

The chromosomal abnormalities more commonly
found are aneuploidies (hypo- and hyper-haploidy), fol-
lowed by diploidies (with or without aneuploidy). Struc-
tural abnormalities are sometimes reported. These in-
clude deletions, gaps, and acentrics. Aneuploid karyo-
types with single, double, triple, or quadruple nullisomies
or disomies, some with structural alterations, have been
reported. All chromosome groups are involved in aneu-
ploidy. Using 109 aneuploid oocytes with single and mul-
tiple aneuploidies per karyotype, described in eight dif-
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Table 1. Frequencies of normal, aneuploid, diploid and of total abnormal chromosome complements in oocytes remaining unfertilized

from 11 different studies

Study n Normal Hypo- Hyper- Total Diploid Total 2X %
haploid haploid haploid aneuploid abnormal® Hyper-
(%) (%) (%) (%) (%) (%) haploid
(%)
Martin et al. (1986) 51 66.6 22.9 2.0 4.0° = 334 4.0
Plachot et al. (1986) 53 52.8 5.6 5.6 11.2 3.8 472 11.2
Veiga et al. (1987) 117 76.9 2.6 7.7 15.4° 6.8 23.1 15.4
Wramsby and Fredga (1987) 52 34.6 51.9 5.8 57.7 3.8 65.4 11.6
Bongso et al. (1988) 251 76.6 13.0 8.0 21.0 2.0 23.4 16.0
Dijalali et al. (1988) 90 65.5 20.0 2.2 222 8.8 34.5 4.4
Pellestor and Selle (1988) 201 76.1 12.4 7.5 19.9¢ 3.0 23.9 15.0
Ma et al. (1989) 65 52.3 15.4 10.8 26.2 12.3 47.7 21.6
Papadopoulos et al. (1989) 30 43.3 13.3 6.7 20.0 10.0 56.7 13.4
Delhanty and Penketh (1990) 155 45.8 432 2.6 10.0° 8.4 54.2 5.2
Macas et al. (1990) 55 65.4 10.9 14.5 29.1¢ 5.4 34.6 29.0

2 Includes aneuploid, hyperdiploid, hypodiploid, polyploid, and structural alterations
b Estimated by study authors by doubling the hyperhaploid complements

¢ Diploid oocytes not mentioned by author
9 Includes hyperdiploid complements

40 '|
m Observed
301 % B Expected
®
9
<] .
= 20
2
@
<
<
10 1
0
A B

Chromosome group

Fig.1. Observed and expected frequencies of aneuploidy in the
different chromosome groups. Data from 109 karyotypes of eight
different studies

ferent studies (Martin et al. 1986; Plachot et al. 1986;
Wramsby and Fredga 1987; Bongso et al. 1988; Djalali et
al. 1988; Pellestor and Selle 1988; Ma et al. 1989; Macas
et al. 1990), we estimated the frequency of aneuploidy
for each chromosome group. We then compared these
observed proportions with the corresponding expected
proportions on the assumption that, at the time of meio-
sis, every chromosome has an equal probability of aneu-
ploidy (therefore, the expected value is proportional to
the number of chromosomes in each group). For each
chromosome group the observed and expected propor-
tions, which are illustrated in Fig. 1, are as follows (ex-
pected in parenthesis): A = 3.59% (13.04%); B = 5.39%
(8.70%); C = 13.77% (30.43%); D = 16.77% (13.04%);
E = 17.36% (13.04%); F = 10.78% (8.70%); G =
23.35% (8.70%); X (?) = 8.98% (4.35%). The good-
ness-of-fit chi-square shows a very significant deviation

of the observed proportions from the expected (3> =
83.23; df 7; P << 0.001). The ratios of observed propor-
tion/expected proportion for each group are as follows:
A=028,B=062;C=045D=129;E=133,F =
1.24; G = 2.68; X? = 2.07. These ratios fall into three
nonoverlapping size classes: class I includes groups A,
B, C (range 0.28-0.62); class II includes groups D, E, F
(range 1.24-1.33), and class III includes group G (2.68)
and the X7 chromosome (2.07). Data on the X chromo-
some may not be accurate in this nonbanded chromo-
some material. The observed/expected ratios suggest
that there is stronger selection against oocytes with an-
euploidy of the large chromosomes than against oocytes
with aneuploidy of the small chromosomes. The ratio for
group G is higher than that of any other group and more
than twice that of group F, which has the same expected
frequency of aneuploidy as group G. This further sug-
gests that selection operates not only in relation to chro-
mosome size but also with regard to specific chromo-
somes.

As shown in Table 1, most studies report more 0o-
cytes with hypohaploid complements than with hyper-
haploid. In addition to nondisjunction — the major source
of aneuploidy — anaphase lag may produce chromosome
loss during meiosis. There is recent evidence of anaphase
lag from direct observations both in living and in fixed
oocytes (Van Blerkom and Henry 1988; Zenzes et al.
1990a). The excess of hypohaploid oocytes thus may be
the result of both processes, although technical error
cannot be ruled out. As shown in Table 1, the frequency
of aneuploidy ranges in the 11 studies between 4.0% and
57.7% . The overall (weighted) proportion is 25.5% =
1.3% (our calculation). The proportions of aneuploid
oocytes, however, differ very significantly among studies
(x* = 89.49, df = 10, p < 107%). Because it is not possi-
ble to distinguish hypohaploidy from chromosome loss
due to technical errors, we also estimated the aneuploidy
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rate in these studies by doubling the proportion of hyper-
haploidy. This is shown in the last column of Table 1.
The estimated weighted mean percentage of hyperhap-
loidy is 6.61% =+ 0.74%, based on the 1120 oocytes from
the 11 studies. Interestingly, these proportions do not
vary significantly among studies (x* = 17.45; df 10; P =
0.06). This suggests that the above differences among
studies were due mainly to differences in their rate of
loss of chromosomes.

The estimated overall (weighted) corrected propor-
tion of aneuploidy (2 X % hyperhaploidy) is 13.22 £
1.48; this frequency of aneuploidy is half of that men-
tioned above. If this level of abnormality is a good ap-
proximation of the true value, it indicates that oocytes
have a higher frequency of nondisjunction than do sperm.
Analysis of sperm chromosomes from normal male do-
nors visualized in the cytoplasm in zona-free hamster
ova, have shown an estimated frequency of abnormality
of about 8% with considerable variation among different
studies (reviewed in Zenzes 1987). Using DNA poly-
morphisms as markers to determine parental origin of
nondisjunction of the extra chromosome on children
with trisomy 21, Antonarakis (1991) found 95% of the
cases to be maternal and 5% to be paternal in origin,
thus supporting our interpretation.

Diploid metaphase II oocytes usually result from lack
of extrusion of the polar body. The rates of diploid oo-
cytes, found in 10 of the above mentioned studies, range
between 2% and 12.3%. The weighted proportion is
5.4% +0.7%. If fertilized, diploid oocytes have the po-
tential to produce triploid embryos.

Errors during fertilization

The maturation stage of oocytes at the time of insemina-
tion may affect the efficiency of fertilization. The rate of
fertilization is significantly lower when inseminations are
done with immature than with fully mature oocytes (Zen-
zes et al. 1985; 1990a; Pieters et al. 1989). Sperm pene-
tration into immature oocytes may not trigger activation
of the oocyte, or may lead to incomplete development of
the maternal and paternal nuclei, or to a marked asyn-
chrony in their development (Zenzes et al. 1985, 1990a;
Plachot et al. 1987a, b; Schmiady et al. 1987; Kessler et al.
1988). Asynchrony may affect normal postfertilization
development, resulting in embryos with delayed cleav-
age, unequal blastomeres and cytoplasmic fragmenta-
tion. The viability of such morphologically abnormal
embryos may be impaired (Plachot 1990). The observed
asynchrony of postfertilization development has been re-
lated to asynchrony between meiotic and cytoplasmic
maturation, which may occur in oocytes from stimulated
cycles (Sundstrom and Nilsson 1984).

Some fertilized oocytes remain arrested in metaphase
II and, in the cytological preparation, show prophasic
sperm chromosomes in the oocyte cytoplasm. This phe-
nomenon, called premature chromosome condensation
(PCC), occurs in IVF at frequencies varying from 3%
to 16% (Schmiady et al. 1986, 1987; Ma et al. 1989;
Schmiady and Kentenich 1989; Papadopoulos et al. 1989;

Pieters et al. 1989; Delhanty and Penketh 1990; Macas et
al. 1990; Zenzes et al. 1990a). PCC may be related to a
marked asynchrony in postfertilization development, as
suggested by Schmiady and Kentenich (1989), and has
been observed after insemination of both mature or im-
mature oocytes.

Polyspermy is responsible for the largest proportion
of errors created at the time of fertilization. Evidence
suggests that the frequency of polyspermy is increased
by immaturity or postmaturity of oocytes (Van der Ven
et al. 1985; Angell et al. 1986b; Zenzes et al. 1985,
1990a). Multiple (three or more) sperm penetrations
usually result in developmental arrest, probably because
of limited availability of cytoplasmic factors in mamma-
lian oocytes (Moltik 1989), which induce sperm chroma-
tin decondensation and pronuclear formation. In the
preparations of these arrested oocytes several deconden-
sing sperm heads can be visualized in the oocyte cyto-
plasm. Polyspermic fertilization seems not to be defi-
nitely associated with the number of spermatozoa used
in the insemination or with the hormonal protocol em-
ployed (Van der Ven et al. 1985; Webster et al. 1985),
but may be an inherent inability of a particular oocyte to
initiate and complete the zona reaction. Semen samples
with subnormal seminal parameter values may produce
polyspermy because of delayed fertilization, causing
oocyte aging and, consequently, decreased efficiency of
the zona reaction. Oocytes with delayed fertilization
show pronuclear formation and cleavage 22 and 24 h, re-
spectively, later than oocytes with normally timed fertili-
zation (Plachot et al. 1988a). Such zygotes also have a
significantly higher rate of chromosomal abnormalities
including mosaicism.

Triploidy is the most frequent chromosomal error re-
sponsible for developmental failure during cleavage and
before or after implantation. Tripronuclear zygotes are
determined by the presence of three equal-sized pronuc-
lei in the cytoplasm. Triploidy usually results from pene-
tration of two spermatozoa (diandry), or by fertilization
of a diploid oocyte (digyny) produced in low propor-
tions, as mentioned above, or, rarely, from fertilization
by a diploid spermatozoon. Some tripronuclear zygotes
cleave to two-cell embryos and have a triploid or near-
triploid chromosome complement before first cleavage
(Rudak et al. 1984; Zenzes et al. 1985; Michelmann et
al. 1986, Kola et al. 1987; Macas et al. 1988, Pieters et al.
1988). Since deviations from triploidy may occur during
the subsequent cleavage divisions, Rudak et al. (1984)
analyzed pronuclear chromosomes of tripronuclear zy-
gotes to assess the chromosome constitution of the ga-
metes. These authors could ascertain the parental origin
of several complements with aneuploidies. About one-
third of tripronuclear zygotes develop into diploid/trip-
loid mosaic embryos (Van Blerkom et al. 1984; Michel-
mann et al. 1986; Plachot et al. 1987b; Macas et al. 1988;
Mettler and Michelmann 1988; Papadopoulos et al. 1988;
Plachot 1989), as a mechanism to revert to the diploid
stage. The implantation and survival capacity of 2n/3n
mosaic embryos probably will depend on increased pro-
portions of normal diploid cell lines. A majority of tri-
pronuclear zygotes, however, do not develop into tri-



ploid embryos but rather cleave into three cells via a
tripolar spindle. This causes disorganized movement of
chromosomes resulting in mosaic embryos (Plachot et al.
1987b; Angell et al. 1986b; Angell 1989; Plachot 1989).
The chromosome complements found in different cells
from 20 triponuclear zygotes ranged in two studies from
16 to 57 (Kola et al. 1987; Macas et al. 1988). Some zy-
gotes have been observed to cleave into two cells plus an
extrusion and are karyotypically diploid. Their embryos
show normal cleavage, being morphologically indistin-
guishable from embryos produced by normal fertilization
(Van Blerkom and Henry 1988; Angell et al. 1986b).

Embryos

A high frequency of embryo loss seems to be unique to
humans; it has not been observed in other mammals
(Hanly 1961; Santal6 et al. 1986). In the IVF/ET proce-
dure, despite the successful rate (90%) of fertilizations
that reach pronuclear stage and undergo cleavage (Troun-
son et al. 1982; Edwards et al. 1983, 1984; Testart et al.
1983; Lopata 1983), the implantation rate remains very
low. Furthermore, about 26% of the embryos that do
implant and reach the stage of clinical pregnancy sub-
sequently abort (Plachot 1989; Roessler et al. 1989).
This fact highlights the need for chromosome analyses of
IVF/ET embryos.

Because of the usual unavailability of IVF/ET em-
bryos, only a few analyses of chromosome complements
have been done in them. These include “research” em-
bryos (oocytes donated by women seeking sterilization
and fertilized with donor sperm) analyzed in three stud-
ies (Angell et al. 1986a; Wramsby et al. 1987b; Papado-
poulos et al. 1988) and “spare” untransferred embryos
(Angell et al. 1983, 1986a; Rudak et al. 1985; Zenzes et
al. 1985; Plachot et al. 1987a, b; Veiga et al. 1987; Watt
et al. 1987; Papadopoulos et al. 1988; Wimmers and Van
der Merve 1988; Angell 1989; Pieters et al. 1989). The
types of chromosome abnormalities found include aneu-
ploids (single and multiple monosomies and trisomies),
haploids, mosaics (diploid/haploid; diploid/triploid; hap-
loid/triploid), and structural alterations. Only one study
(Angell et al. 1986a) showed comparative data between
spare and research embryos. The ratios (abnormal/nor-
mal) found in this study between the two groups were
4/15 for research and 2/3 for spare embryos. The 12
research (only) embryos analyzed by Wramsby et al.
(1987b) were normal diploid. Papadopoulos et al. (1988)
had chromosome data pooled from both types of em-
bryos.

The total frequencies of chromosomal abnormality in
research and spare embryos together (excluding multi-
pronuclear embryos) range between 23% and 40% in
four studies that analyzed a reasonable number of em-
bryos (Plachot et al. 1987b; n = 30, 23% ; Papadopoulos
et al. 1988: n =35, 40% ; Wimmers and Van der Merve
1988: n = 50, 36% Angell 1989: n =31, 23%). Mosaics
with normal and aneuploid cell lines appear to be the
most common (Plachot et al. 1987a,b; Papadopoulos et
al. 1989). Haploids occur at a frequency of about 2%
(Plachot et al. 1988a).

Table 2. Summary of specific types of chromosome aneuploidies in

spare and research embryos

Study Karyotype
Angell et al. (1983) 22,X,—-15
Angell et al. (1983) 47 XY+D
Rudak et al. (1985) 44,XY,-1,-G
Zenzes et al. (1985) 24, XX

Plachot et al. (1987a) Trisomy 18°

Plachot et al. (1987a)
Plachot et al. (1987b)
Plachot et al. (1987b)
Plachot et al. (1987b)
Plachot et al. (1987b)
Plachot et al. (1987b)
Watt et al. (1987)

Angell (1989)

Angell (1989)

Angell (1989)

Angell (1989)

Veiga et al. (1987)
Papadopoulos et al. (1988)
Papadopoulos et al. (1988)
Papadopoulos et al. (1988)
Zenzes et al. (1990b)
Zenzes et al. (1990b)
Zenzes et al. (1990b)
Zenzes et al. (1990b)

46,XY;51,XXY,+C,+C,+F,+F®

43.XY,-C,-C,—F
45.XY,-C

45,XY,-D
21.X,-D,-G

24.X,+G

47, XY, +1

47, XX+G

47,XY+G

45.XY-15

45,XY-G

20,X,-20

47 XY, +E,+F,—2;46;46"
48,XX,+C,—2;91°

47, XX, +D;46,XX;41:36
92,XXYY,~-C,+G

47, XXY

45 XX,—A
43,XX,-C,—E,—G

2 In the diploid cell of a 2n/3n mosaic embryo
® Mosaic embryos

The specific types of chromosome groups with aneu-
ploidies found in spare and research embryos are sum-
marized in Table 2. These include single monosomies for
chromosome 15, and for groups A, C, D, and G, found
in seven embryos (Plachot et al. 1987b; Angell 1989;
Papadopoulos et al. 1988; Zenzes et al. 1990b); multiple
nullisomies involving chromosome 1 and groups C and F
or groups C, E, and G, found in two embryos (Plachot et
al. 1987b; Zenzes et al. 1990b); double trisomies involv-
ing groups C and F or E and F, found in two embryos
(Plachot et al. 1987a; Papadopoulos et al. 1988); single
trisomies 18, D, and G, found in three embryos (Plachot
et al. 1987a, b; Angell 1989); a single trisomy 1, and a
monosomy of group A, found in two embryos (Watt et
al. 1987; Zenzes et al. 1990b); an XXY sex chromosome
complement found in two embryos (Plachot et al. 1987b;
Zenzes et al. 1990b); a disomy X found in a haploid em-
bryo (Zenzes et al. 1985); monosomies 15 and 20, found
in two other haploid embryos (Angell et al. 1983; Veiga
et al. 1987); monosomies together with trisomies, found
in two mosaic embryos (Papadopoulos et al. 1988) and in
a tetraploid embryo (Zenzes et al. 1990b). The latter
arose presumably through failure of cytokinesis at first
cleavage. The overall results suggest that autosomal
monosomy (single and multiple) is a condition that may
not always be lethal in early cleavage stages of develop-
ment. It may be lethal after the onset of embryonic gene
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expression, which is known to occur after third cleavage
(Tesarik et al. 1986).

An important observation was that embryos that were
chromosomally normal could not be distinguished mor-
phologically from those with abnormal chromosome com-
plements (Angell et al. 1986a; Plachot et al. 1987a; Zen-
zes et al. 1990b). The latter embryos cleaved evenly and
their rate of cleavage fell within the same range as those
with normal chromosomes. This may be because at the
time of transfer, when spare embryos are prepared for
chromosome analysis (between two- and eight-cell stage),
gene expression of the embryo itself is not yet manifested;
selective elimination will probably occur sometime after
the onset of embryonal gene activation. Therefore, chro-
mosome data from untransferred embryos may give us
an estimate of the probability that transferred embryos
will fail to implant. Embryos unlikely to reach implanta-
tion would probably be those with haploidy, monosomies,
deletions, or chromosome fragmentation, while those
with trisomies or triploidies would probably abort at a
stage soon after implantation.

Clinical parameters

In vitro fertilization and embryo transfer is a therapeutic
procedure for infertility in which success depends on the
interaction of various clinical and biological parameters.
Four variables in the procedure may increase the risk of
chromosomal abnormality. These include: (1) infertility:
tubal factor, unexplained, endometriosis, male factor;
(2) advanced maternal age: average age from several
studies 33 years, range 27 to 43 years; (3) ovarian hyper-
stimulation regimes: multiple follicular development is
usually induced with either clomiphene citrate (CC) and
human menopausal gonadotropin (HMG) or with hu-
man follicle stimulating hormone (FSH); ovulation is in-
duced with human chorionic gonadotropin; and (4) in
vitro manipulation of gametic cells. Some of these vari-
ables have been addressed in a few studies as shown be-
low.

Maternal age

Because a significant increase in nondisjunction has been
established with advanced maternal age, both in animal
studies (Gosden 1983; Maudlin and Fraser 1978) and in
human abortuses (Hassold et al. 1980; Hook 1981; Has-
sold and Chiu 1985), it is clear that women older than 35
years, seeking IVF/ET, constitute a high-risk group.
There are data showing increased frequency of aneu-
ploidy with increased maternal age in oocytes of IVF/ET
patients, but some studies are contradictory. Thus, while
two studies (Djalali et al. 1988; Pellestor and Sele 1988)
found no increase in the aneuploidy rate in oocytes from
women older than 35 years, a tendency to increased non-
disjunction among older women was reported by others
(Martin et al. 1986; Plachot et al. 1988b: Wramsby and
Fredga 1987; Ma et al. 1989; Bongso et al. 1990; Del-
hanty and Penketh 1990; Macas et al. 1990). Two studies
(Bongso et al. 1988; Macas et al. 1990) reported an ele-

vated mean maternal age of 36.7 and 36.2 years, respec-
tively, in patients with increased aneuploidy.

Data on embryos to address this important question
are very limited. A study (Angell 1989) indicated that
the rate of nondisjunction in IVF/ET embryos appears to
be higher than in clinically recognized pregnancies. The
increase in nondisjunction in this small series of embryos
(n = 6) occurred mainly on specific types of chromosomes
(acrocentrics of groups D and G), abnormalities of which
are known to be associated with increased maternal age
(Hassold et al. 1980b).

In a recent study Segal and Caspar (1990) found that
women older than 35 have, on average, a lower rate of
implantation than younger women (28-35 years), even
though both groups showed similar responses to hor-
monal stimulation of follicular development and pro-
duced a similar number of mature, fertilized oocytes.
The older group, however, produced a significantly lower
number of cleaved embryos for transfer. A reason for
the difficulty in achieving pregnancy may be the increased
frequency of chromosomal abnormalities in the oocytes
or embryos of older women. Oocytes donated by young,
fertile women to women 40-44 years old produced rates
of implantation and ongoing pregnancies similar to
matched controls (Sauer et al. 1990). This suggests that
the endometrium of older women retains ability to re-
spond to gonadal steroids thus permitting embryo im-
plantation.

Other clinical parameters

Only one multicenter study (Plachot et al. 1988b) ana-
lyzed an appreciable number of oocytes and zygotes and
correlated several clinical parameters with the rate of
chromosomal abnormality. The parameters included:

1. Infertility (275 oocytes, 1409 zygotes). The tubal fac-
tor group included patients with previous ectopic pre-
gnancies and salpingitis; the unexplained infertility group
included patients with at least 30 months of infertility;
the endometriosis group included endometriosis alone or
associated with tubal factors. The male infertility group
included patients with seminal abnormalities (sperm num-
ber, motility and morphology) when their wives were
normal.

2. Maternal age (296 oocytes, 1393 zygotes). Mean age
was 33.4 years; range 27-42 years. It included two groups
of women, = 35 years or > 35 years.

3. Stimulation treatments (290 oocytes, 1258 zygotes):
these included CC/HMG; HMG alone; pure FSH and
LHRH (luteinizing hormone release hormone) analogues/
HMG.

4. Doses of gonadotropin (293 oocytes, 1012 zygotes).
From 6 to 46 ampules of HMG (one ampule of HMG
contained 75 IU of FSH and 75 IU of LH).

The results for oocytes showed no correlation between
type of infertility, stimulation treatments, and doses of
gonadotropin administered and chromosome abnormali-
ties. A slight (P <0.05) increase in aneuploidy rate was



found among patients > 35 years. Ideally, these results
in oocytes retrieved from stimulated cycles should be
compared with those from normal cycles but these are
unavailable.

Conclusions

The rather high estimate of the frequency of aneuploidy
in oocytes remaining unfertilized after insemination sug-
gests that chromosomally abnormal oocytes may be se-
lected for low fertilizability. Chromosome data from oo-
cytes donated by fertile, young women should test this
assumption. The significant deviations of the observed
frequencies of aneuploidy from the expected frequencies
indicates that aneuploidy of specific chromosomes (e.g.,
the large chromosomes) is usually lethal to the oocyte.

Efficient handling and manipulation of the gametic
cells in the IVF/ET procedure can reduce the risk of er-
rors during fertilization. Some defects can be detected
and, consequently, avoided. For example, if insemina-
tions are done with immature oocytes or if the semen
samples show subnormal values, the outcome may be a
low fertilization rate, or abnormal or delayed fertiliza-
tion. Replacement into the mother of embryos that de-
veloped from multipronuclear zygotes may result in
embryonal loss. In view of the potential pathological
consequences of polyspermy, some IVF teams advocate
examination of the pronuclei so that multipronuclear zy-
gotes are not replaced. Other anomalies of fertilization,
including asynchrony of pronuclear development and
PCC, have been related to asynchrony in nuclear and cy-
toplasmic maturation of oocytes from stimulated cycles.
Therefore, the stimulation protocols in IVE/ET programs
must be constantly reevaluated.

Because numerical chromosome abnormalities are a
common cause of early spontaneous abortion, they may
account for much of the failure of transferred IVF em-
bryos to implant. Since the estimated overall frequency
of chromosomal aneuploidy is 13% in oocytes (f,) and
8% in sperm (f;), and abnormalities may be transmitted
at conception by the oocyte only, the sperm only, or
both gametes, the expected probability of aneuploidy at
fertilization is f, (1—f)+£(1—1f,)+ff; or 20%. Other
numerical abnormalities such as diploidy, triploidy, tet-
raploidy, and mosaicism will increase this frequency.

Observations in early preimplantation embryos of
karyotypes with monosomy or trisomy indicate that se-
vere chromosome abnormalities of oocyte or sperm do
not prevent fertilization and zygotic formation. Differ-
ent degrees of embryo viability are probably associated
with specific chromosomal abnormalities. Data on abor-
tuses are informative here. The types of chromosomal
abnormalities most commonly found in abortuses include
autosomal trisomies (51.9% * 1.5%), followed in fre-
guency by monosomy X (18.5% * 1.5%) and triploidy
(16.5% *1.5%); unweighted means calculated from five
large-scale studies; in Kline et al. (1989). In contrast to
abortion material where autosomal monosomies are very
rarely found, the few analyses on preimplantation (IVF/
ET) embryos have found single and multiple autosomal
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monosomies. Such embryos will probably not survive
long after the onset of embryonic gene activation. Thus
embryos with severely depleted complements such as
haploidy, single and multiple monosomies, or with frag-
mented chromosomes most likely contribute to the high
rate of subclinical loss afflicting IVF/ET couples.

The high (33 years) mean maternal age of women in
IVF/ET makes them a risk group. The lower pregnancy
rate found among older women, and their longer periods
of infertility, may well be related to the increased fre-
quency of chromosomal abnormality in their oocytes. A
greater tendency to loss or gain of the small satellited
chromosomes (group G) is probably associated with ad-
vanced maternal age. Aneuploidies of this specific group
of acrocentric chromosomes are known to be associated
with increased maternal age in large cytogenetic surveys
of abortuses. Patients over 35 years secking IVF should
be advised on the possible increased risks of implanta-
tion failure or abortion.

Finally, a few attempts to correlate other parameters
in the IVF procedure with an increased level of chromo-
somal abnormality, such as infertility and superovulation
regimes, have so far failed. The negative results may be
due to the limitations in the technique, which generates
low numbers of chromosome data. Because of these
limitations we still cannot compare the levels of chromo-
somal abnormality after in vitro fertilization with the in
vivo situation. We can, however, predict that the repro-
ductive success in this selected population of IVF/ET
couples largely depends on our ability to recognize and
select chromosomally normal embryos for transfer.
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