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BIRTH OF A HEALTHY INFANT
AFTER PREIMPLANTATION
CONFIRMATION OF EUPLOIDY
BY COMPARATIVE GENOMIC
HYBRIDIZATION
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URING in vitro fertilization, morphologi-

cally normal embryos often fail to implant.

The implantation rate, defined as the ratio of
the number of fetal hearts detected to the number of
cleavage-stage embryos transferred, is at best approx-
imately 15 to 20 percent, even in experienced cen-
ters.! Early human embryos have a high frequency of
aneuploidy, as determined by fluorescence in situ hy-
bridization. Analysis by this method of three to six
chromosomes from every cell in early human embryos
generated by in vitro fertilization shows that 50 to 70
percent of these embryos have chromosomal errors,
including aneuploidy, polyploidy, and mosaicism.2*
This rate is higher than the frequency of chromosomal
abnormalities found in spontaneously aborted fetuses,
indicating that many of the abnormal conceptuses die
carly in development. In particular, autosomal mono-
somy, with the rare exception of monosomy 21, has
not been observed in fetuses in clinical pregnancies,
making it likely that chromosomal abnormalities are
responsible for a substantial proportion of implanta-
tion failures.

Because genetic abnormalities may lead to implan-
tation failure, preimplantation diagnosis of aneuploidy
is being carried out through testing of a single blas-
tomere obtained by biopsy from an eight-cell embryo.
Despite the inherent risk of misdiagnosis due to the
high level of mosaicism observed in early human em-
bryos, a number of centers now perform preimplan-
tation genetic analysis for aneuploidy, using fluores-
cence in situ hybridization with probes for five to
nine chromosomes, on single cells obtained by biopsy
from embryos.>7 This procedure permits the selec-
tion of embryos that are normal, at least with respect
to the chromosomes analyzed, for transfer to the pa-
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tient and may lead to an increased rate of implanta-
tion in older women® and a decreased rate of embryo
loss after implantation.¢ However, embryos identified
by fluorescence in situ hybridization as normal with
respect to five or nine chromosomes may be aneuploid
for chromosomes that have not been examined. Other
methods of testing blastomeres from preimplanta-
tion embryos are associated with particular problems;
for instance, in spectral imaging with the use of probes
labeled with a combination of fluorochromes, only
56 percent of nuclei provide interpretable results.®

Comparative genomic hybridization is a molecular
cytogenetic technique that can be used with single
cells in interphase to allow simultaneous enumera-
tion of every chromosome.*1® We report the birth of
a healthy infant to a woman with a history of implan-
tation failure after the use of comparative genomic
hybridization to determine that the karyotype of a
single embryo was normal.

METHODS

All patients considering in vitro fertilization undergo manda-
tory counseling in the state of Victoria, Australia. At our center,
patients considering preimplantation genetic diagnosis attend an
additional session with a qualified genetics counselor before sign-
ing consent forms approved by our institutional review board; the
permission encompasses approval to perform embryo biopsy and
screening for aneuploidy by fluorescence in situ hybridization or
comparative genomic hybridization.

A 38-year-old woman with a 7-year history of unexplained pri-
mary infertility underwent a cycle of ovarian stimulation, oocyte
collection, in vitro fertilization, and embryo transfer with cryopres-
ervation of excess embryos. A total of eight embryos were trans-
ferred in four separate procedures (regulatory restrictions limit the
transfer of embryos to three per cycle), but no clinical pregnancy
resulted. During a second cycle of ovarian stimulation, 15 oocytes
were collected. After in vitro fertilization, because of the increased
risk of aneuploidy associated with older maternal age, nine pre-
implantation embryos were tested with the use of fluorescence in
situ hybridization for chromosomes 13, 16, 18, 21, and 22. Two
embryos identified as normal with respect to these chromosomes
were transferred, but no pregnancy resulted.

The patient underwent a third cycle of ovarian stimulation.
Fourteen oocytes were collected, and each was inseminated with
a single sperm with the use of intracytoplasmic sperm injection.
The 11 embryos obtained were cultured for three days in human
tubal-fluid medium (Irvine Scientific, Santa Ana, Calif.) supplement-
ed with 10 percent maternal serum in 5 percent carbon dioxide
in air, after which each contained between 6 and 12 cells. A single
blastomere was obtained by biopsy from each embryo.

Blastomeres from six of the embryos were spread onto micro-
scope slides with the use of 0.1 percent Tween 20 in 0.01 N hydro-
chloric acid"! and analyzed by fluorescence in situ hybridization
for chromosomes 13, 16, 18, 21, and 22 with a commercially avail-
able cocktail of chromosome-specific DNA probes according to
the manufacturer’s specifications (Vysis, Downer’s Grove, Ill.). Two
embryos with blastomeres that were identified as normal (with re-
spect to chromosomes 13, 16, 18, 21, and 22) with the use of fluo-
rescence in situ hybridization and chromosome-specific probes
were transferred in human tubal-fluid medium with 10 percent
maternal serum to the patient’s uterus.

Blastomeres from the five remaining embryos were analyzed
with the use of comparative genomic hybridization as previously
described.®!2 Individual blastomeres underwent alkaline lysis fol-
lowed by whole-genome amplification by the polymerase chain re-
action with random primers. A single cell from an amniocyte cul-
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ture shown by conventional chromosomal analysis to have a female
karyotype with trisomy 21 was included as a control. The DNA
amplification product (test DNA) was labeled by enzymatic incor-
poration (nick translation) of a nucleotide conjugated to a fluor-
ochrome (Spectrum Green, Vysis). Genomic DNA extracted from
lymphocytes from a normal male was also amplified with the use
of the same procedure, and the amplified DNA was labeled with
Spectrum Red (Vysis) by nick translation to provide a normal ref-
erence DNA sample.

Test and reference DNA were simultancously hybridized to
metaphase template slides from the normal male, and the fluores-
cent images were captured and analyzed with the use of Cytovision
comparative-genomic-hybridization software (Applied Imaging,
Santa Clara, Calif.) to determine the average ratio of green to red
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fluorescence for each chromosome. When the number of copies
of DNA in the test and reference DNA is the same, the ratio of
green to red fluorescence is 1.0. When the DNA copy number is
lower in the test DNA than in the reference DNA, the ratio is less
than 1.0, and when it is more, the ratio is greater than 1.0. Thresh-
olds for deviation indicative of chromosomal abnormality were set
at 0.75 and 1.25. Comparative-genomic-hybridization profiles ob-
tained after universal amplification of limited template by the poly-
merase chain reaction tend to show more random deviation than
those obtained with the use of extracted genomic DNA. We have
previously estimated that the limit of resolution with this technique
is approximately 40 megabases.® Deviations of the profile at the
telomeres and the heterochromatic (h) regions — including the
centromeres, 1gh, 9qh, 16gh, Yqh, the short arm of the acrocen-
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Figure 1. Profile Obtained after Comparative Genomic Hybridization with the Use of the Amplified DNA from a Single Cultured Am-
niocyte Known to Have a Female Karyotype with Trisomy 21.

When the number of copies of DNA is the same in test DNA and reference DNA, the profile is normalized to 1.0; deviations to the
right indicate that the number of copies of DNA is higher for the test DNA than the reference DNA, and deviations to the left indicate
that the number of copies of DNA is lower for the test DNA than the reference DNA. The deviation is marked with lines at intervals
of 0.25: 0.5 and 0.75 (brown lines), 1.0 (black line), and 1.25 and 1.5 (yellow lines; these are identified on the profile for chromosome
5). Deviations greater than 1.25 or less than 0.75 were interpreted as indicative of chromosomal abnormality. Deviations of the pro-
file at the telomeres and the heterochromatic regions — including the centromere, 1gh, 9gh, 16gh, Ygh, the short arm of the acro-
centric chromosomes (i.e., chromosomes 13, 14, 15, 21, and 22), and the distal short arm of chromosome 1 — are regarded as nor-
mal artifacts and are not interpreted as indicating imbalance. The profile shows a deviation to more than 1.25 for chromosome 21,
less than 0.75 for the Y chromosome, and more than 1.5 for the X chromosome, confirming the karyotype found by conventional
cytogenetic analysis.
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tric chromosomes, and the distal short arm of chromosome 1 — are
regarded as normal artifacts and are not interpreted as indicating
imbalance.’2 Comparative genomic hybridization takes approxi-
mately five days to complete, which is longer than three-day-old
embryos can be maintained in culture, so embryos are cryopre-
served until the results are available.

Embryos that underwent biopsy were cryopreserved as previ-
ously described!® with the following modifications: HEPES-buft-
ered human tubal-fluid medium (Irvine Scientific) was substitut-
ed for phosphate-buffered saline in all solutions, maternal serum
(20 percent vol/vol) was substituted for human serum albumin,
and the concentration of sucrose was increased from 0.1 M to
0.2 M. Thawing of embryos was carried out in HEPES-buftered
human tubal-fluid medium supplemented with human serum albu-
min (20 mg per milliliter). 1,2-Propanediol was removed in two
5-minute steps in the presence of 0.3 M sucrose, and embryos were
then transferred to 0.2 M sucrose for 10 minutes. Rehydration was
completed by transfer of the embryos to HEPES-buffered human
tubal-fluid medium for a further 10 minutes before incubation of
the embryos in equilibrated culture medium at 37°C. Human tubal-
fluid medium supplemented with 10 percent maternal serum was
used for embryo transfer.
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RESULTS

From the patient’s third cycle of in vitro fertiliza-
tion, three of the six embryos were identified as nor-
mal with respect to chromosomes 13, 16, 18, 21, and
22 after investigation of a single blastomere by fluo-
rescence in situ hybridization. One embryo was iden-
tified as monosomic for chromosome 18, and no re-
sults were obtained for two embryos. Two embryos
identified as normal with respect to these five chro-
mosomes were transferred to the patient, but no preg-
nancy resulted. The third normal embryo has been
cryopreserved.

Single blastomeres were investigated from five ad-
ditional embryos obtained during the same cycle of
in vitro fertilization with the use of comparative ge-
nomic hybridization. Analysis of the control sample
confirmed the female karyotype with trisomy 21 ob-
tained by conventional chromosomal analysis (Fig. 1).
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Figure 2. Profile Obtained after Comparative Genomic Hybridization with the Use of the Amplified DNA from a Single Blastomere

from an Embryo.

The same format as in Figure 1 is used. The profile is interpreted as indicating a normal female karyotype in the test DNA. The X chro-
mosome shows significant deviation to the right along most of the length, indicating two copies of the X chromosome in the test
sample as compared with one copy in the reference DNA from a normal male. The profile of the Y chromosome in the euchromatic
region shows significant deviation to the left, which is interpreted as the absence of Y-chromosome material in the test sample, as
compared with the presence of a single Y chromosome in the reference DNA.
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Analysis of the five embryos from the patient showed
that the blastomere from only one embryo (with a
female karyotype) appeared karyotypically normal for
every chromosome (Fig. 2). A single blastomere from
one embryo was identified as having monosomy 14
(Fig. 3), and a blastomere from another embryo was
identified as having monosomy 4 and trisomy 16,
suggesting possible meiotic aneuploidies. Blastomeres
from two embryos showed more extensive chromo-
somal abnormalities: one was monosomic for chromo-
somes 8 and 9 and trisomic for chromosome 1, and
the other was monosomic for chromosomes 4, 11, and
Xq and trisomic for chromosomes 15, 16, and 6p.
Such extensive abnormalities found in single blasto-
meres are associated with chromosomally disorganized
embryos.1214

The embryo identified as normal by comparative
genomic hybridization was thawed and transferred and
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resulted in a pregnancy. The patient declined inva-
sive prenatal diagnostic testing, but a scan for nuchal
translucency at 12 weeks’ gestation, screening of ma-
ternal serum at 16 weeks’ gestation, and fetal ultra-
sound at 20 weeks’ gestation revealed no abnormal-
ities. A healthy female infant was delivered by Cesarean
section at 38 weeks’ gestation. The infant had nor-
mal weight, length, and head circumference at birth;
Apgar scores were 8 at one minute and 10 at five
minutes.

DISCUSSION

We report the clinical application of comparative
genomic hybridization to obtain a complete embry-
onic karyotype before transfer of the embryo through
in vitro fertilization. The transfer of a single embryo
identified as normal by this technique resulted in the
birth of a normal, full-term infant in a patient with
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Figure 3. Profile Obtained after Comparative Genomic Hybridization with the Use of the Amplified DNA from a Single Blastomere

from an Abnormal Embryo from the Patient.

The same format as in Figure 1 is used. The profile shows a deviation to less than 0.5 for chromosome 14 and the Y chromosome
and more than 1.25 for the X chromosome. This was interpreted as indicating monosomy for chromosome 14 in the embryo.
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a seven-year history of unexplained infertility. This
patient previously had 12 embryos, including 4 iden-
tified as normal with respect to chromosomes 13,
16, 18, 21, and 22 by fluorescence in situ hybridiza-
tion, transferred without any implantations. We at-
tribute our success to comparative genomic hybrid-
ization, which is more effective than fluorescence in
situ hybridization in detecting chromosomal abnor-
malities in single blastomeres, since it permits test-
ing of all chromosomes rather than only five to nine.
Analysis based on fluorescence in situ hybridization
and probes for nine chromosomes (X, Y, 13, 14, 15,
16, 18, 21, and 22) as described by Munné et al.6
would have detected only 4 of a total of 12 aneu-
ploidies in the cells analyzed by comparative genomic
hybridization. One of the four embryos found to have
aneuploidy on comparative genomic hybridization
(which was monosomic for chromosomes 8 and 9 and
trisomic for chromosome 1) would have been iden-
tified as normal. With the use of fluorescence in situ
hybridization with a five-probe set for chromosomes
13, 16, 18, 21, and 22, only 2 of 12 aneuploidies
would have been detected, and two of four embryos
with aneuploidy would have been identified as normal.
The benefit of being able to identify chromosomal-
ly normal embryos with the use of comparative ge-
nomic hybridization must be offset against the cur-
rent necessity for embryo cryopreservation until the
diagnosis can be completed. It has been estimated that
cryopreservation reduces the implantation potential of
human preimplantation embryos by 30 percent.!?
However, embryo cryopreservation is a routine part
of in vitro fertilization treatment at many centers.
Analysis of nine chromosomes by fluorescence in
situ hybridization increases the rate of implantation?
and decreases the rate of embryo loss after implan-
tation.® The use of comparative genomic hybridiza-
tion to obtain a complete karyotype of all chromo-
somes can make it possible to identify karyotypically

normal embryos with greater certainty and may in-
crease the number of live births per embryo transfer.
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