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Treatment-related chromosome abnormalities in human

embryos

S.Munné'>7 C.Magli?, A.Adler®, G.Wright3,
K.de Boer*, D.Mortimer 4, M.Tucker3, J.Cohen-®
and L.Gianaroli?

ICornell University Medical Center—The New York Hospital,
New York, NY 10021, USAZS.I.S.M.E.R, Reproductive Medical
Unit, Bologna 40137, ltaly’Reproductive Biology Associates,
Atlanta, GA 30342, USA andSydney IVF, Sydney, NSW 2000,
Australia

SPresent address: The Institute for Reproductive Medicine and
Science of Saint Barnabas Medical Center, Livingston, NJ 07052,
USA

6Present address: The New York University, New York, NY, USA

(Bongsoet al,, 1991; Zenzes and Casper, 1992; Mumnhel,,
1994a; Pellestoet al, 1994; Harperet al, 1995). However,
little is known about the effect of in-vitro fertilization (IVF)
techniques on chromosome abnormalities. Although studies in
the mouse do not suggest a detrimental effect (Samtiald,,
1986), differences between IVF centres regarding hormonal
stimulation, gamete collection and embryo culture are pro-
found. It is known that these parameters may have an impact
on oocyte and embryo morphology as well as developmental
rate. It can be postulated that there may be a relationship
between early chromosomal disorders and specific reproductive
technologies.
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Mosaicism was studied in good quality embryos from four
different centres in order to assess the effects of follicular
induction and exposure to laboratory conditions on chromo-
somal status. The donated embryos were fully biopsied and
analysed by fluorescence in-situ hybridization using probes
for chromosomes X, Y, 13, 18 and 21, simultaneously. The
number of abnormal cells present indicated the division at
which mosaicism first occurred (4/4 cells at first division,
2/4 cells at second, 2/8 at third). The rate of mosaicism in
embryos from different centres varied greatly P < 0.001).
Most of the mosaic embryos were obtained before 1991. In
one clinic increased mosaicism was found in embryos
obtained before 1991 when compared to embryos obtained
thereafter. The results suggest that certain culture condi-
tions and/or hormonal stimulation protocols may induce
chromosomal abnormalities and partly explain differences
in preghancy rates between in-vitro fertilization centres.
Key words:chromosome abnormalities/embryo/in-vitro fertil-
ization

Introduction

found to be related to an increase in chromosome abnormalities.
Some examples are: (i) changes in temperature during oocyte
culture and handling (Pickeringt al, 1990; Almeida and
Bolton, 1995); (ii) ageing of gametes (Bader&tsal, 1989;
Munne and Estop, 1993); (iii) use of a 20% oxygen tension
instead of 5% (Paboet al, 1989; McKiernan and Bavister,
1990; Dumoulinet al, 1995); (iv) hormonal stimulation in
some mouse strains (Maudlin and Fraser, 1977; Hansmann
and El-Nahass, 1979); and (v) sub-optimal stimulation in
humans (Sundstrom and Nilsson, 1988; Hamehial, 1993).
Also, oocyte morphological abnormalities, which are correlated
with chromosomally abnormal embryos, have been found to
be more common in stimulated than non-stimulated women
(Van Blerkom and Henry, 1992).

Other studies have found no relationship between chromo-
somal abnormalities and stimulation regimes (Plaaktoal.,
1988; Tejadaet al, 1991). However, these were performed
before the use of down-regulation. Factors that may cause
spindle errors, but which have not yet been studied at the
chromosome level, are exposure or sensitivity to specific
fertility drugs, exposure to volatile organic compounds, sub-
optimal pH or heavy metal ions and visible light exposure.

The purpose of this study was to determine whether embryos
from different IVF centres, of different chronologies or sub-
jected to different procedures, have different rates of chromo-

Wide disparities in degree of chromosome abnormality havesomal abnormalities. Human embryos derived from bi-
been reported in cleaved human embryos. This may be pronucleated zygotes which were morphologically an
explained by differences between populations, but could alsdevelopmentally normal were analysed by fluorescence in-situ

be the result of a bias caused by the limited use of classical  hybridization (FISH). Other grades of embryos were nc
karyotyping in single cells. Another issue is related to theincluded because they are routinely excluded from IVF
definitions of embryonic normality and viability. For instance, replacement.

it is well known that aneuploidy increases with maternal Inthe presentinvestigation, only chromosome abnormalities
age in clinically recognized pregnancies and cleavage-stage that could be generated after zygote formation (such
embryos (Hassold and Chiu, 1985; Warburtehal. 1986; mosaicism) were considered, in order to determine the effects
Munneet al., 1995), while polyploidy and mosaicism are more  of intra- and extra-follicular conditions, as well as subsequent
common in arrested and morphologically abnormal embryogn-vitro conditions, upon chromosome composition.
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Embryonic chromosome abnormalities

Table I. Average centre characteristics at the time of embryo freezing

Al A2 B C D
Hormonal stimulation (no. embryos):
Clomiphene citrate:
clomiphene—pergonal 0 2 8 2 0
clomiphene—metrodin—pergonal 0 0 7 0 0
Gonadotrophins:
metrodin (FSH) 5 0 0 0 0
metrodin—pergonal (FSH/HMG) 4 0 0 0 0
Down-regulation:
lupron—pergonal 0 0 0 16 0
lupron—-metrodin—pergonal 0 3 6 0 69
buserelin-metrodin—pergonal 5 1 0 0 0
decapeptyl (3,5 R)-metrodin—pergonal 0 10 0 0 0
Culture conditions*
Ratio of retrievals/incubator per annum 104 167 91.7 256.0 198.6
Continuous temperature control on microscope stage?  no yes yes yes yes
Embryo cultured under oil (yes/no, or fraction yes)? no yes yes no yes
Culture media T6 T6 Earle’s HTF HTF
Pre-heated medium wash used for egg collection? yes yes yes yes yes
Follicular fluid kept in heated stage during collection?  no yes yes yes yes
Embryos produced, 1986-90 14 0 21 7 0
Embryos produced, 1991-95 0 16 0 11 69
No. of patients used 9 11 10 9 46
Other factors
Average maternal age 31.8 35.3 325 35.7 345
Centre results with fresh embryos
Cycleslyear 272 411 307 NA 1182
Retrievals/year 209 335 233 622 993
Transfers/year 176 311 185 512 866
% success rate (delivery/retrieval) 16.7 19.5 16.9 14.6 30.2

*When embryos were frozen in different years from the same centre, each embryo was characterized
according to the year of freezing.

“Includes seven embryos rejected for transfer after PGD.

" Includes 47 embryos with asynchronous nuclear development that could not be frozen, so were fixed on
day 4 of development.

Materials and methods individually as described previously (Cohest al1992; Munrie

. et al, 1994a).
Embryo and centre characieristics FISH analysis of all the embryos was performed in only one
Embryos were obtained from four centres. The characteristics of eaqaboratory. The technician performing the analyses had no prior
centre regarding method of embryo culture, hormonal stimulationihowledge of each sample embryo’s characteristics. After fixation,
and IVF results are shown in Table I. Embryos were recruited bythe slides were analysed with FISH using probes for X, Y, 18, 13
each centre at random, except for centre A, where the embryos weggg 21 chromosomes, simultaneously (Mureteal, 1993). The

selecteda priori to have two subgroups of embryos: series 1, whichscoring criteria followed in this analysis were also defined previously
were embryos produced before 1991, and series 2, which wergunneet al, 1994a).

embryos produced in 1991 or later. This division was chosen because
after that year, down-regulation became the method of choice fo
hormonal stimulation in the USA and Europe. All embryos used in ] ) ]
the present study were obtained from patients following written”\n€uPloidy, which occurs before syngamy, and haploidy and poly-
consent. The embryos were studied at Cornell University MedicaP!0idy: which occur during syngamy due to abnormal fertilization,

College according to approved guidelines from the ethical and researcf{€"® not considered to be affected by embryo culture and, although
review board. There were three embryo sources: (i) those frozen &°red. they were not taken into consideration. Only mosaicism was

the cleaved embryo stage; (ii) fresh embryos that could not be frozefonsidered. .

due to nuclear asynchrony and (i) embryos rejected after pre- _The cell d|V|S|or_1 that caused chromosome mosaicism was det_er-
implantation genetic diagnosis. The first group of embryos were fixednined by assessing the number of blastomeres of each cell kind
immediately after thawing to preclude post-thaw effects, and thdMunne et al, 1994b). This could only be accomplished when a
second group of embryos on day 4 of development. Only morphomajo_rlty of embryonic c_ells were analysed. Mosalc_lsm had arisen at
logically and developmentally normal embryos were used for thighe first, second or third division, vyhen respectively all, half or
study. All embryos had developed from bipronucleated zygotes, anguarter of the cells were abnormal. Since most em_bryos were frozen
were at the four-cell stage on day 2 or at the six- to eight-cell stag@n day 2 of development, only those abnormalities considered to
on day 3, had less than 15% fragmentation, were not multinucleatedave arisen during the first embryonic division (100% abnormal cells)

Ehromosome abnormalities produced during embryo culture

and did not show other morphological abnormalities. or during the second division (50% abnormal cells) were included in
) _ o _ the analysis. Because the percentages of abnormal cells were not
Thawing, biopsy, fixation, and FISH analysis always precise, we used the following ranges: 75-100% abnormal

Embryos were thawed using standard procedures and biopsied immeells for the first division, and 33-70% for the second division.
diately. All the cells of each embryo were biopsied and fixed Embryos frozen on day 3 or 4 of development were scored in the
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Table II. Mosaicism according to cellular division and hormonal stimulation

Al A2 B C D Total (%)

Mosaicism and hormonal stimulation:

Clomiphene citrate 0 0/2 9/15 1/2 0 10/19 (33)

Gonadotrophins 4/9 0 0 0 0 4/9 (44)

Down-regulation 5/5 3/14 2/6 1/16 9/69 20/110 (a8)
Mosaicism by cellular division: )

1st division mosaic 8/t 1/16 4/21 0/18 2/69

2nd division mosaic 1/14 2/16 7121 2/18 7169

Total 9/14 3/1¢ 11/2%# 2118 9/69

Significance: a versus B < 0.025; c versus g, e versusH:< 0.001; c versus d, ¢ versusR: < 0.01; (c+ d) versus g, and h versusR: < 0.05.

same way as day 23 embryos. However, mosaicism occurring on dayefore 1991 (centres A, series 1 and B) had higher levels of
3 or 4 was disregarded, both to allow better comparison betweemgsaicism. In addition, the embryos from centre A produced

embryos and because it has been previously considered less defjatween 1986 and 1990 (series 1) showed a significantly
mental for embryo survival (Murinet al, 1994b). higher mosaicism rate than the embryos produced between
1991 and 1995 (64 versus 199%, < 0.001). No other

For each patient in the study, the numbers of embryos with an&ntra-centre comparisons could be done because the embryos

without mosaicism were noted. The association between the inciden(@qalysed belonged mO_Stly toa sm_gle time period. .
of mosaicism and factors such as ‘Fertility Centre’, and type of 1heré was also evidence of inter-centre effects in the

‘Hormonal Stimulation’, was investigated by carrying out ana|ysispr0p0rti0n of mosaics associated with first cellular division.
on the relevant proportions of mosaics using Generalized Lineal he estimated proportions from the fitted model were 0.89 for
Modelling (GLM) methods and employing the algorithm GENSTAT centre A, series 1 (SE 0.105), 0.33 for centre A, series 2 (SE
(1988). This analysis is conceptually similar to conventional analysi€).272), 0.30 for centre B (SE 0.145), 0.00 for centre C (SE
of variance, but with accommodation for the difficult response(Q.010), and 0.22 for centre D (SE 0.139). Whereas nearly 90%
variable; proportions based on very low numbers so that 0% angf mosaics were first division at the first centre (A, series 1),
100% are frequent occurrences. The analysis attempts to disentanqﬁ\e figure was a good deal lower at the other cenfes 0.01).

the effects of the factors in the study in what is, inevitably, a non- Most embryos were frozen on day 2 or 3 of development,

orthogonal arrangement. The linear model with a function of the ith two exceptions. The first concerned 47 embrvos from
proportion as the dependent variable, and with factors such as centf¥ P ’ y

etc., as explanatory variables, was fitted by the method of maximuncfentre D, which were embryos with a_synchronqus nuclear
likelihood. The association between cellular division (Lst, 2nd) and°hase that could not be frozen, and which were fixed on day

mosaicism was investigated using the same methods. 4 of development. The rest of centre D embryos were frozen/
thawed, and the mosaicism rates between these two embryo
sources were not statistically different (17% or 8/47 for the

asynchronous and 5% or 1/22 for the freeze/thawed). The
FISH efficiency other exception was seven embryos from centre A, series 1

A total of 904 blastomeres from 138 monospermic embryodhat were rejected for transfer after PGD. The remainder of
were biopsied. The analysis failure (19.0%) can be assess&€§niré A, series 1 embryos were frozen/thawed, and the
as the number of nucleated blastomeres lost during thawinglosaicism rates between these two embryo sources were not
or biopsy (11.9%), plus the number of nucleated blastomereglatistically different (0% or 0/7 for the rejected after PGD

not analysable (2.0 %) or with false results after FISH (5.1%)2&nd 33% or 3/9 for the freeze/thawed).
In patients with two or more embryos analysed= 17),

Chromosome abnormalities seven patients had no mosaic embryos (20 embryos in total),

Of the 138 embryos analysed, 34 were found to be mosaid®ur patients had normal and mosaic embryos (7/14 were
(Table 11). According to our criteria, 15 of the mosaic embryosMosaic) and four patients had only mosaic embryos (nine
arose at the first embryonic division, and 19 at the secondMbryos in total). _
Regarding the type of mosaicism, most of the embryos were Overall, 12 embryos. were aneuploid. Per centre, none was
chaotic mosaicsn(= 19), followed by mitotic non-disjunction found in centre A, series 1, one (3.3%) was found in centre
(n = 9) and mixoploid mosaics(= 7). In most mosaics the A, series 2, three (14%) in centre B, one (5.6%) in centre C,
abnormality affected all chromosomes probad=(24), while ~ and seven (10.1%) in centre D.
in the rest, it affected only chromosomes 13/21 £ 6), ) )
chromosome 18n(= 2) or chromosome Xr( = 1) alone. Regime differences

The differences in mosaicism ratios between centres were The hormonal stimulation and culture conditions of the fou
statistically significant® < 0.001), ranging from 11% (centre centres at the time of freezing of the embryos are presented
C) to 52% (centre B). Total mosaicism rate, and first and in Table 1. The major difference was the period during which
second division mosaicism rates for each centre are shown ihe embryos were produced, and this was correlated in general
Table 1. Centres with some or all their embryos obtained  with the mode of hormonal stimulation. Temperature optimiza-
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Table Ill. Incidence of mosaicism for the 85 patients in the study; by centreTable IV. Estimates of the mean proportion of mosaics, by fertility centre
and by hormonal stimulation regime. In each case the estimates have been

and by hormonal stimulation

corrected for imbalance of the ‘other’ factor

Centre Hormonal stimulation
Centre Proportion of mosaics SEM
Clomiphene Gonadotrophins Down-regulation
Al 0.96 0.013
Al - 0/1, 0/1, 1/1, 0/1 2/2, 1/1, 2/2 A2 0.18 0.091
3/4, 0/1 B 0.36 0.135
A2 0/1, 0/1 - 1/2, 0/1, 1/2, 0/1 C 0.10 0.071
1/1, 0/2, 0/1, 0/2 D 0.14 0.048
0/3 P < 0.001
B 1/1, 0/1, 1/3, 2/2 - 216
3/3, 2/2, 0/1, 0/1 Hormonal stimulation Proportion of mosaics SEM
0/1
C 1/2 - 0/2, 0/1, 0/2, 0/1 Clomiphene citrate 0.40 0.131
0/1, 0/7, 0/1, 1/1 Gonadotrophins 0.05 0.018
D - - 0/1, 0/1, 0/3, 0/4 Down-regulation 0.25 0.034
0/1, 0/1, 0/2, 0/1 P < 0.05

0/2, 1/2, 0/2, 0/1
0/1, 0/1, 0/1, 0/1
1/1, 0/1, 1/2, 0/1
0/1, 1/1, 1/1, 111
0/1, 1/1, 0/2, 0/1
0/1, 0/1, 0/1, O/1
0/1, 0/1, 0/1, 0/4
0/2, 0/1, 0/1, 0/2
1/1, 1/4, 0/1, 0/2
0/4, 0/1

Discussion

The analysis presented above provided evidence of systematic
variation in mosaicism attributable to ‘fertility centre’ and/or
‘hormonal stimulation’. The structure of the data available for
study (see Table Ill) displayed severe imbalance so that each
fertility centre was largely associated with a particular hormonal

tion when handling oocytes and embryos also varied betweei€gime. In order to clarify the two effects, a more balanced
centres. The centres with more chromosome abnormalitiegrrangement would be advisable where each centre employed
centre A, series 1 and centre B, had provided most of theithe various stimulation regimes to a greater extent. However,
embryos from before 1991, when they used mostly clomiphen#is comparison cannot be repeated because gonadotrophin
citrate or gonadotrophins for ovulation induction. In the casestimulation is now only used for a specific subset of patients
of centre A, series 1, warmed stages were not always used tBat do not respond appropriately to down-regulation. Although
handle oocytes and embryos, and interestingly, this centre statistical analysis provided clear evidence that both centre
showed the highest rate of mosaicism occurring at first embry@nd hormonal stimulation affected the incidence of mosaicism,
onic division, significantly higher than the rate for centre Bit is difficult to distinguish their individual effects. In view of
(P < 0.05). Conversely, the lowest rates were from centre Athe evidence that environmental factors influence the incidence
series 2 and centres C and D, which provided embryo®f mosaicism, further investigation is clearly necessary.
produced in 1991 or later, when the main regimen used Most of the factors affecting embryonic mosaicism may be
was GnRH agonist down-regulation, and when appropriatéélated to the learning process that has taken place during
temperature control was applied. recent years of IVF practice, where improvements in hormonal
Table Il displays quotients which for each patient give theStimulation and culture conditions have been reflected in an
number of mosaics and the total number of embryos. Thus thi@crease in pregnancy rates. Overall, these results suggest that
quotient 3/4 denotes that four embryos were observed for thigss optimal hormonal stimulation and embryo culture resulted
patient, of which three were mosaics. The patients have bedi more chromosome abnormalities. Most of the chromosome
classified by centre and also by hormonal stimulation regim@bnormalities detected probably gave rise to arrested embryonic
(clomiphene citrate, gonadotrophins, down-regulation). Thelevelopment or were lethal. Transfer of such embryos may
very severe non-orthogonality of Table Ill suggests it wouldhave contributed to embryo wastage and the reduced pregnancy
be difficult to disentangle the effects of centre and hormonatates that were observed a decade ago.
stimulation. It should be noted that no centre used more than Mosaicism occurring at the first embryonic division from
one method of stimulation to any appreciable extent. Théipronuclear zygotes must be produced by impairment of the
GLM analysis provided overwhelming evidende € 0.001)  cytoskeleton and/or mitotic spindle, indicating that at least in
of systematic variation in the incidence of mosaics over thecentre A, series 1, mosaicism was already induced in the
patient groups. The effect of centre was highly significéht ( zygote. Unsuitable temperature control during culture and
< 0.001), whereas the effect of hormonal stimulation was aocyte isolation could produce this kind of damage, such as
good deal less emphatid® (< 0.05). Table IV provides that shown by centre A, series 1. The lack of temperature
estimates of the proportion of mosaics as generated from theontrol in that centre is the only difference with centre B, and
fitted model, where the estimates for centre have been correctéite differences in mosaicism at the first embryonic division
for imbalance in the hormonal stimulation regime, aride  between these two centres are statistically significant. This
versa No evidence was obtained that the culture medium usefinding corroborates previous studies on human oocytes which
by centre A caused mosaicism. showed a significant increase in spindle disassembly and
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chromosomal dispersion (Pickerimxg al. 1990 Almeida and maturity in gonadotropin-releasing hormone agonist stimulatifiestil.

Bolton, 1995) Steril, 59, 375-381.
! ’ Hansmann, |. and El Nahass, E. (1979) Incidence of non-disjunction in mouse

It cannot be argued that cryopreservation was partially oocytesCytogenet. Cell Genet24, 115-121.
responsible for the abnormalities detected, although severé&larper, J.C., Coonen, E., Handyside, A.Et al. (1995). Mosaicism of

authors have indicated an association between Chmmosor.r.'afa\utosomes and sex chromosomes in morphologically normal, monospermic
preimplantation human embryoBrenatal Diagn, 15, 41-49.

abnormalities and emb'_'yo freezmg (BOHQHCHI.., 1988, Shaw Hassold, T. and Chiu, D. (1985) Maternal age-specific rates of numerical
et al, 1991). However, in our study, we biopsied and fixed the chromosome abnormalities with special reference to trisdtoyn. Genet.

blastomeres before any post-cryopreservation cellular division 70:11-17.

. udlin, I. and Fraser, L.R. (1977) The effect of PMSG dose on the
could have taken place, therefore the detected Chrornosc’n%éailncidence of chromosome abnormalities in mouse embryos fertilized in-

abnormalities had to have been present at the time of cryopre-vitro. J. Reprod. Fertil. 50, 275-280.
servation. McKiernan, S.H. and Bavister, B.D. (1990) Environmental variables

; ; ; ; ; i influencing in-vitro development of hamster 2-cell embryos to the blastocyst
An inconsistency with the assumption that higher mosaicism stage.Biol. Reprod, 43, 404413,

rates would cause lower pregnancy rates, is the fact that centrgg e s. and Estop, AM. (1993) Chromosome analysis of human sperm
A, B, and C had very different mosaicism rates but similar storedin-vitro. Hum. Reprod.8, 581-586.

pregnancy rates, while centres C and D had similar mosaicisffunng S., Lee, A., Grifo, J. and Cohen, J. (1993) Diagnosis of major

. . chromosome aneuploidies in human preimplantation embrydsm.
rates but different pregnancy rates. This is probably due to Reprod, 8, 2185-2191.

differences between embryo transfer procedures, hormongjunng s., Grifo, J., Cohen, J. and Weier, H.U.G. (1994a) Chromosome
dosage and administration, and other factors beyond the scopeabnormalities in arrested human preimplantation embryos: a multiple probe
of this study fluorescence in-situ hybridization (FISH) studym. J. Hum. Genet55,
g L ) . 150-159.
In conclusion, significantly different mosaicism rates wer€yynng s., Weier, H.U.G., Grifo, J. and Cohen, J. (1994b) Chromosome
found between embryos obtained from different IVF centres mosaicism in human embryoBiol. Reprod, 51, 373-379.
of different chronologies and subjected to procedures withirMunng S., Alikani, M., Tomkin, G.et al. (1995) Embryo morphology,

[T - . developmental rates and maternal age are correlated with chromosome
the same centre. This indicates that the way in which IVF 0 e Fertil. Steril, 64, 382391,

is performed, then and now, affects certain chromosom@apon, J.E., Findley, W.E. and Gibbons, W.E. (1989) The toxic effect of
distributions in the embryo. Fortunately, most abnormalities short exposures to the atmospheric oxygen concentration on early mouse

produced at the first mitotic division will result in death of _émpryonic developmenkertil. Steril, 51, 896-900. _
Pellestor, F., Dufour, M.C., Arnal, F. and Humeau, C. (1994) Direct assessment

the.embryo, and hence babi?s produced by IVF still have of the rate of chromosomal abnormalities in grade IV human embryos
similar chromosome abnormality rates when compared to the produced by in-vitro fertilization procedurelum. Reprod.9, 293-302.
general population (SART & ASRM, 1995). The presentPickering, S.J., Cant, A., Braude, P&.al. (1990) Transient cooling to room

: : : : . temperature can cause irreversible disruption of the meiotic spindle in the
technique could be used in the future to identify which factors | - oocyteFerti. Steril, 54, 102108,

contribute to higher rates of mosaicism in IVF-generatedbiachot, M., Veiga, A., Montagut, &t al. (1988) Are clinical and biological
embryos, as well as to serve as a more appropriate quality IVF parameters correlated with chromosomal disorders in early life: a

control for embryo culture systems across different centres Multi-centric studyHum. Reprod.5, 627-635.
Santalg J., Estop, A.M. and Egozcue, J. (1986) The chromosome complement

than embryo morph0|09y or clinical pregnancy rates alone. of first cleavage mouse embryos aftevitro fertilization. J. In-vitro Fertil.
Embryo Transfer3, 99-105.
Shaw, J.M., Kola, I., MacFarlane, D.R. and Trounson, A.O. (1991) An
Acknowledgements association between chromosomal abnormalities in rapidly frozen 2-cell
. . mouse embryos and the ice-forming properties of the cryoprotective solution.
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