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Preimplantation Diagnosis
JAMES D. GOLDBERG, MD; MARY C. MARTIN, MD; ROGER V. LEBO, PhD; and

ROGER A. PEDERSEN, PhD, San Francisco, Califomia

Preimplantation embryonic biopsy and analysis offer couples at increased risk of having offspring
affected with a genetic disorder the possibility of an early prenatal diagnosis. For many couples,
this approach would avoid the issue of the selective termination of affected fetuses. Substantial
advances have been made in the area of preimplantation diagnosis, but the possible difficulties
with this approach cannot be ignored.
(Goldberg JD, Martin MC, Lebo RV, Pedersen RA: Preimplantation diagnosis, In Fetal Medicine [Special Issue]. West J
Med 1993; 159:301-307)

T he prenatal diagnosis of genetic disease currently al-
lows at-risk couples the option of having only unaf-

fected offspring. To achieve this goal, they are faced with
terminating a pregnancy if an affected offspring is diag-
nosed. Traditional prenatal diagnosis is performed by
midtrimester amniocentesis at 15 to 16 weeks' gestation
and provides a diagnosis from one to five weeks after the
procedure. This necessitates a second-trimester termina-
tion procedure if a couple wishes to abort an affected fe-
tus. Because of this, chorionic villus sampling was de-
vised as an earlier prenatal diagnostic procedure (10 to 12
weeks' gestation). Although the possibility of a first-
trimester termination procedure is more acceptable to
some couples, to others neither approach provides a good
option. The availability of preimplantation prenatal diag-
nosis would avoid the issue of pregnancy termination for
many couples. With this approach, a biopsy specimen is
taken of the early embryo after fertilization in vitro. This
is then analyzed for the specific disorder the couple is at
risk for, and only unaffected embryos are transferred.

Several approaches may be used to obtain a biopsy
specimen of the developing embryo. The first is polar
body analysis. This involves removing the first polar
body, the nonfunctioning haploid product of meiosis I.
The problem with this approach is that crossing over may
have occurred between sister chromatids, resulting in dif-
ficulty in interpreting the analysis. Accordingly, the most
common approach that has been used is the biopsy of a
single blastomere removed from a four- to eight-cell em-
bryo. This approach has the disadvantage of having only
one cell available for analysis. Efforts are currently un-
derway to culture these individual blastomeres to provide
more cells for analysis. The third approach is trophecto-
derm biopsy of the blastocyst. This would provide more
cells for analysis. Human embryos, however, are difficult

to culture to the blastocyst stage, and implantation rates
may be lower for blastocysts.

Many technical, ethical, and financial issues involved
in this approach to prenatal diagnosis remain unanswered.
Much work has already been done on animals as a pre-
lude to human preimplantation diagnosis. In this review
we will discuss the current methods being used for preim-
plantation biopsy, present an overview of the preclinical
animal work, and discuss analyses that have been re-
ported in humans.

Techniques for Preimplantation Diagnosis
Embryo Recovery

There are two ways in which embryos can be obtained
for preimplantation diagnosis. Embryos that have been
fertilized in vivo after timed intercourse or insemination
can be obtained by uterine lavage.' This technique has the
advantage of permitting spontaneous conception and
therefore minimal technologic intervention for the par-
ents, other than the extraction of the preimplantation em-
bryo. One disadvantage of this approach is the low effi-
ciency of embryo recovery, which imposes limitations on
successful implantation. A second disadvantage arises
from the possible failure to retrieve an embryo that may
then implant and establish a pregnancy with an affected
fetus.

The second strategy for obtaining embryos for preim-
plantation diagnosis is the application of techniques for in
vitro fertilization. The fundamental procedures involved
are the stimulation of oocyte maturation, oocyte retrieval,
fertilization in vitro, and transfer of the unaffected em-
bryos.

Success rates for in vitro fertilization cycles critically
depend on the number of embryos available for transfer.
The normal process of follicular maturation selects one of
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a cohort of available follicles for maturation and release
at ovulation. To overcome that selection process and in-
crease the recruitment of follicles, human menopausal go-

nadotropins are administered daily to the woman. The
process is monitored by transvaginal ultrasonography,
permitting the frequent assessment of the size and num-

ber of follicles developing. Criteria for an adequate re-

sponse are determined by individual programs and are

further modified for different patient circumstances. In
general, stimulation is continued until the dominant folli-
cles are larger than 16 to 17 mm and there are at least
three follicles larger than 14 mm. Usually between 8 and
20 follicles are recruited. The serum estradiol level is
used to verify the normalcy and maturity of the follicles
visualized, anticipating that about 200 pg per ml per folli-
cle greater than 14 will be secreted. When follicles are

large enough, sufficient in number, and estrogen levels
are appropriate, the final maturation of the oocyte is initi-
ated by administering the luteinizing hormone-like hor-
mone and human chorionic gonadotropin, and the oocyte
retrieval is scheduled for 35 hours later.

Oocyte retrieval is usually accomplished using trans-
vaginal ultrasonography to guide an aspirating needle,
which is inserted once into each ovary from the vagina.
Follicles are sequentially entered and the follicular con-

tents aspirated and submitted to the laboratory for analy-
sis. Each tube containing follicular fluid and granulosa
cells is examined under a dissecting microscope to search
for the oocyte. Overall efficiency of the process is about
66% to 75% recovery of oocytes per follicle aspirated.
Although a small number will have two or more oocytes,
most follicles (92%) will have one oocyte.2

After an oocyte is identified, maturity is assessed, ei-
ther by observing the structure of the surrounding cumu-

lus and corona cells or by nuclear assessment and visual-
izing polar body extrusion. Oocytes retrieved from
different follicles within the same ovary may be at differ-
ing stages of maturation, with some mature, preovulatory,
metaphase II, and others immature, with intact visible
germinal vesicles. The oocytes will be inseminated at dif-
ferent times, as dictated by their stage of maturation. The
insemination will occur six to eight hours after retrieval
for mature oocytes and 24 to 36 hours after retrieval for
immature oocytes that are matured in culture. Sperm for
insemination is prepared by collecting an active motile
concentrate. Most commonly this involves a process of
washing and the recovery of motile sperm that swim up

into a layer of media from a centrifuged pellet, but there
are many different techniques for sperm preparation that
can be used. When there is no known sperm dysfunction,
a small volume of media containing 50,000 to 100,000
active sperm will be placed in the dish containing the
oocyte. The inseminated oocytes are then cultured for 14
to 16 hours, after which evidence for fertilization can be
detected by visualizing the second polar body or by iden-
tifying two pronuclei within the zygote. In most cases,

65% to 75% of the oocytes will be fertilized, with higher
percentages seen with mature oocytes and less than 50%
of immature oocytes expected to fertilize.

After fertilization, the zygotes are transferred to
growth media and continued in culture. Healthy embryos
will have divided to the four-cell stage by 48 to 56 hours
after retrieval and will have achieved an eight- to ten-cell
stage one day later. These embryos are then available for
assessment by blastomere biopsy.

Blastomere Biopsy
The concepts and methods of blastomere biopsy have

been recently reviewed extensively,34 so we will only de-
scribe the biopsy methods used in recent reports of preim-
plantation diagnosis leading to human pregnancies5'6 and
as currently used in our program.

Embryos at the six- to ten-cell stage are transferred in-
dividually to the heated platform of an inverted micro-
scope in a micromanipulation chamber that contains
phosphate-buffered medium to control the pH and is
sealed with paraffin oil to prevent evaporation. The em-
bryo is anchored on a fire-polished suction pipette (out-
side diameter 200 pm) and oriented for biopsy (Figure 1).
Using a small pipette containing acidified medium (pH
2.5), a fine stream is directed at the zona pellucida of the
embryo until an opening dissolves.7 Then a fire-polished
biopsy pipette is moved into the hole produced by this
zona-drilling procedure, and gentle suction is used to
withdraw one blastomere.8 If inspection at high power
fails to reveal a nucleus in this blastomere, it is considered
an anucleate fragment, and a second blastomere is re-
moved for examination. After a successful biopsy, the mi-
cromanipulation chamber is moved to the dissecting mi-
croscope, where the nucleated blastomere is transferred to
a microfuge tube for analysis. The presence of the blas-
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Figure 1. The photograph shows micromanipulation of an em-
bryo before biopsy of the blastomere.

tomere in the tube is verified after transfer by inspection
under the dissecting microscope. All such procedures are
done inside a containment hood to minimize the risks of
contamination.

Embryo Transfer
Embryos that survive blastomere biopsy and are de-

termined to be unaffected can then be transferred back to
the woman. This can be by either a uterine transfer, usu-
ally accomplished on the second or third postretrieval day
(either four- to six-cell embryos or six- to 10-cell em-
bryos), or a transfer into the fallopian tube. The uterine
transfer is the most commonly used procedure and in-
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volves the placement of a small catheter through the
cervix into the uterus near the fundus. The desired num-
ber of embryos, in a small volume of about 50 Pd, are lay-
ered into the uterus, with all of the embryos transferred in
one procedure. For intratubal transfer, usually a lap-
aroscopy is used to directly visualize the fimbrial end of
the tube, and a transfer catheter is threaded about 3 cm
into the tubal lumen. Alternatively, a catheter can be
threaded transcervically into the uterus and directed into
the fallopian tube for intratubal transfer. There are some
advocates of intratubal transfer as a procedure offering
higher probabilities of success compared with intrauter-
ine transfer, but this is controversial. The success of im-
plantation is then determined by the health of the em-
bryos, and success rates are influenced predominantly by
the number of embryos replaced and the age of the patient
(Figure 2). Overall expectations of success for the aver-
age United States programs, without intervening manipu-
lation of the embryos, are in the range of 18% probability
of successful delivery per oocyte retrieval in women

Figure 2.-The graph shows the percentage of deliveries per
number of embryos transferred, University of California, San Fran-
cisco, in vitro fertilization program, 1989 to 1992. Lines are com-
puter-derived best-fit trend lines. -4- = women younger than
40 years, -_- = women 40 years or older

younger than 40 years. Programs in the top 10% of re-

porting centers, including our program at the University
of California, San Francisco, have success rates in the
28% to 35% range for deliveries per oocyte retrieval in
women younger than 40.

Blastomere Analysis
The polymerase chain reaction (PCR) was developed

to amplify small numbers of unique gene regions from to-
tal genomic DNA using site-specific primers.9 Beginning
with the third cycle of amplification, each additional cy-

cle logarithmically amplifies the number of unique-length
target DNA sequences. Approximately 30 cycles amplify
target genes about a millionfold to characterize multiple
site-specific mutations from DNA obtained routinely by
chorionic villus sampling or amniocentesis. About 60 cy-
cles amplify target genes in single cells sufficiently to an-

alyze specific mutations.'0 Because increased specificity
is required for the analysis of single cells, protocols must
be more robust for preimplantation diagnosis than for
routine prenatal diagnosis.

The PCR mixtures routinely include the four nu-
cleotides deoxycytidine triphosphate, deoxyguanosine
triphosphate, deoxyadenosine triphosphate, and deoxy-
thymidine triphosphate; a buffer that maintains a physio-
logic pH and optimizes polymerase enzyme efficiency;
and a heat-resistant DNA polymerase derived from bac-
teria growing in hot springs, such as Thernus aquaticus
(Cetus). This polymerase must withstand heating numer-
ous times to 95°C to denature the DNA during each cycle
(described later). Because all enzymes in bacteria grow-
ing in hot springs are heat resistant, this was a logical
source from which to purify a heat-resistant polymerase.
The PCR also requires cycling tubes at different tempera-
tures for multiple cycles at controlled time periods. Auto-
mated thermocyclers accomplish this task easier, faster,
and even more reliably than technicians with multiple
temperature heating blocks and a stopwatch did in the
original experiments.

As each human cell carries 6 billion base pairs of
DNA packaged in 46 chromosomes, specifically amplify-
ing a single locus requires synthesizing primers that rec-
ognize only one locus along with a partner that recognizes
another unique locus within 2,000 base pairs. Amplifying
150 base pairs of unique target DNA among these 6 bil-
lion base pairs with an efficiency of between 55% and
70% per cycle and not detecting other sequences that give
extraneous fragments is the equivalent of consistently
identifying and amplifying a 1-oz needle in a 160-ton
haystack. The minimum primer length expected to rec-
ognize unique sequences is at least 17 base pairs
(416 = 4 X 109). In practice, primers 20 to 30 base pairs
long are synthesized for routine amplifications. Because
primers cannot be allowed to recognize repetitive se-
quences, each other, or sequences within themselves,
computer programs (such as Primer, version 0.5, White-
head Institute for Biomedical Research, 1991) have been
developed to choose the optimal primer sites in se-
quenced DNA.

The polymerase chain reaction begins with double-
stranded DNA that is denatured at 90°C to 95°C for two
to five minutes to provide single-stranded target DNA
(Figure 3). Although the most reliable means to generate
amplifiable DNA from prenatal amniocyte or chorionic
villus cell DNA is to purify the DNA before beginning
(R.V.L., unpublished data, March 1992), the most reliable
way to amplify DNA from a single cell is to place the cell
in hypotonic solution and proceed directly to PCR, which
begins with denaturing the DNA.

The temperature is lowered until the high concentra-
tion of primers can specifically anneal to identical DNA
sequences. Annealing to homologous sequences is mini-
mized because mismatches have fewer hydrogen bonds
between base pairs that do not hold the primer to the tar-
get as tenaciously and may also destabilize the double-
stranded molecule by suboptimal tertiary structures.
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The elongation step then begins at the double-
stranded stable primer or target DNA locus and synthe-
sizes a longer complementary DNA fragment from the
annealed primer. The time is chosen so that the double
strand can be extended past the second primer site but not
so long as to generate secondary artifacts during the many
PCR cycles. This completes the first cycle with the num-
ber of target sequences doubled and the amount of total
DNA practically unchanged.

The second cycle (Figure 4) again denatures, anneals,

Polymerase Chain Reaction I
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Continue until 35 cycles have been completed

and elongates unique target DNA sequences. This step,
however, now generates two unique-length DNA se-
quences defined by the positions of both primers. The
third cycle repeats the denaturing, annealing, and elongat-
ing steps but, most important, increases the number of
unique sequences from two to eight. From this step on-
ward, the number of unique-length synthesized fragments
increases logarithmically. In this way it is possible to gen-
erate more unique-length DNA than the total amount of
DNA originally in the beginning tube. This unique-length
DNA can be sized by acrylamide gel electrophoresis, di-
gested by restriction enzymes to detect DNA base-pair
mutations or polymorphisms,tt or analyzed by dot blot or

Figure 4.-The graph shows polymerase chain reaction (PCR)-
amplified copies. The number of original DNA templates remains
constant at 2 per haplotype, the number of longer products with
a primer on one end increases linearly by 2 each cycle, and the
number of unique-length sequences increases logarithmically be-
ginning with the third amplification cycle.

reverse dot blot analysis to determine target gene con-
tent.t2

This approach, or variations on it, can be used to de-
termine the identity of alleles present in a single cell ob-
tained by blastomere biopsy, thus leading to preimplanta-
tion diagnosis of the individual embryo.

Animal Models of Preimplantation Diagnosis
The effect of removing a portion of the early embryo

on subsequent development is a major issue that had to be
considered before doing preimplantation diagnosis on hu-
man embryos. Although the mouse, Mus musculus, is the
predominant species that has been studied as a model for
preimplantation embryo diagnosis, evidence from studies
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Figure 3.-A polymerase chain reaction (PCR) scheme is shown.
Three complete PCR cycles amplify template sequence to 8
unique-length segments defined by primer location. Each cycle
includes a denaturing, an annealing, and an elongation step.
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of it and several domestic species indicates that there will
be little, if any, lasting effect from such ablations. First,
the cells of the cleavage-stage mammalian embryo (or
blastomeres) appear to be developmentally equivalent
and totipotent until just before the blastocyst stage.13'14
Consequently, removing one or two blastomeres does not
alter the developmental program of the early embryo, as
it regulates to form a normal but smaller blastocyst. Sin-
gle blastomeres of the two-cell mouse embryo (defined as
one-half blastomeres) can form an intact blastocyst that
develops normally to term after transfer to a foster mother
with no lasting effects on an individual's size or rate of
growth.'5 Although isolated one-quarter and one-eighth
blastomeres of mouse embryos do not generally develop
into complete blastocysts, embryos of some domestic
mammals have an even greater regulatory capacity, as in-
dicated by the development of identical siblings after the
transfer of isolated one-quarter or one-eighth blastomeres
to the uteri of foster mothers.'3"16 The difference between
the mouse and domestic species may be the stage at
which they form a blastocyst, which occurs at the 32-cell
stage in mice, but at the 64-cell or later in the other
species.17 Because human embryos form a blastocyst at
about the 64-cell stage,'8 they may be expected to be more
similar in their regulative capacity to the domestic species
than to mice. In any case, removing one or two one-eighth
blastomeres from an embryo is far less a developmental
challenge than forming a complete embryo from a single
isolated blastomere.

Human embryos from which biopsies have been taken
using the procedures described here were capable of de-
veloping to the blastocyst stage at least as frequently as
unmanipulated embryos and had the same proportion of
inner cell mass (destined to form the embryo proper) as
trophectoderm cells (destined to form the placenta); when
correction was made for the reduction in mass resulting
from biopsy, they had the same number of cells at the
blastocyst stage as normal embryos.19 Therefore, biopsy
procedures used in preimplantation diagnosis do not seem
to substantially perturb normal embryonic development,
as evidenced by successful development to term when
biopsied embryos were returned to the mother by embryo
transfer.5'6

Embryos of laboratory mammals have also been used
to develop the general variables of preimplantation diag-
nosis. Blastomere biopsy of mouse embryos at the eight-
cell stage was less detrimental to subsequent development
than biopsy at earlier or later stages.202' Mouse embryos
biopsied at the eight-cell stage have also been cryopre-
served and thawed before transfer to foster mothers, with
no notable differences in the frequency of implantation or
full-term development as compared with sham- and in-
tact-control embryos.22 Rabbit, mouse, and marmoset em-
bryos have also been biopsied at the blastocyst stage.23-26
Similar preclinical studies have been done with human
blastocysts,2728 but this approach has not yet been used
clinically because of the modest frequencies of human
embryo development to the blastocyst stage,'8 and it is not
considered further here.

Mouse embryos have been studied most extensively
as a model for preimplantation diagnosis using PCR. This
approach was used to diagnose homozygous embryos for
the 3-thalassemia,29 the shiverer mutation in the myelin
basic protein gene,"'31 ornithine transcarbamylase defi-
ciency or sparse fur mutation,32 a human -globin trans-
gene,33 and for sex identification on the basis of Y-spe-
cific sequences.3m- These studies have established PCR
as an efficient and sensitive method for detecting alleles
in single cells that, combined with blastomere biopsy, can
be used to distinguish between normal and mutant em-
bryos with a high degree of confidence (90% to 100%).
Despite these high efficiencies of correct allele identifica-
tion, continued caution is advised in transferring this ap-
proach to human embryos because of the compounding
effect of errors in PCR efficiency, blastomere transfer,
and inadvertent DNA contamination. 3

In situ hybridization or other cytogenetic analyses
have also been used to analyze the biopsied blastomeres
of mouse embryos. In these studies 70% to 90% of em-
bryos were successfully diagnosed with X chromosome-
specific probes38'39 or by karyotyping."0,41 Because of the
lower rates of success than with PCR and the limitation to
large genetic differences that can be distinguished with
these approaches, cytogenetics has not yet been used clin-
ically for human embryos. Nonetheless, cytogenetic
methods, particularly in situ hybridization, remain prom-
ising for diagnosing numerical chromosomal abnormali-
ties in biopsied blastomeres because this cannot be done
efficiently by PCR.

In sum, studies to date of animals have provided a
sound preclinical basis for the continued application of
preimplantation diagnosis to human embryos by PCR
and will continue to serve for the development and vali-
dation of protocols for other single-gene defects by PCR
and chromosomally detectable defects by cytogenetic
methods.

Experience With Human Embryos
Much of the experimental analysis of human embryos

has been by the use of PCR. Some initial investigations
suggested the use of miniaturized enzyme systems for an-
alyzing individual blastomeres. This approach appears
not to be useful in that much of the enzyme activity in
blastomeres from four- and eight-cell embryos appears to
be of maternal origin. Braude and co-workers measured
hypoxanthine phosphoribosyltransferase activity in indi-
vidual blastomeres removed from four- to eight-cell hu-
man embryos.42 The addition of ot-amanitin to block the
transcription of messenger RNA produced no change in
activity. This suggests that activity at this stage is mater-
nally inherited.

The most common analysis done on human embryos
has been the determination of gender for use in the prena-
tal diagnosis of X-linked disorders. Handyside and asso-
ciates initially reported preimplantation diagnosis from
six- to eight-cell embryos in two couples at risk for X-
linked adrenoleukodystrophy.5 At the time of the report,
the pregnancies were in midgestation. Recently the same
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group reported on eight couples at risk for X-linked dis-
orders.19 Five pregnancies were achieved, two with twins
and three with singleton pregnancies. Six of seven fetuses
were confirmed to be female on follow-up chorionic vil-
lus sampling.

The analysis of several single-gene disorders has also
been reported. The successful analysis of single human
blastomeres, oocytes, or sperm has been reported for cys-
tic fibrosis,643A5 Duchenne-type muscular dystrophy,43
and sickle cell anemia.""47 Handyside and colleagues re-
ported the birth of an unaffected girl following preim-
plantation diagnosis for cystic fibrosis.'

Discussion
The successful birth of infants who have undergone

preimplantation embryonic biopsy has opened a new ap-
proach to prenatal diagnosis. Many problems remain to
be solved, however, before this approach can be more
widely applied. The biggest problem involves the accu-
racy of the technique, and several issues are involved.
The first is contamination of the specimen. Because PCR
is being used to amplify a single cell in most cases, any
extraneous DNA contamination could potentially also be
amplified. Various strategies have been devised to mini-
mize this risk, but it continues to exist. Another serious
problem that is inherent to the PCR procedure is ineffi-
cient amplification. Various studies have reported ampli-
fication efficiencies using PCR with single cells of 45%
to 80%.45-48 Another amplification problem is that in as
many as 29% of cases, a single allele only may amplify.46
Several strategies to deal with these problems using
coamplification have been devised.4849 None of these ap-
proaches completely eliminate the problem.

Another concern is the safety of the procedure to the
developing embryo. As noted, "normal" infants have
been born following the procedure. Too few infants have
been born to know if there will be any long-term effects
from this procedure, but the studies in animals argue for
a minimal or insubstantial effect of biopsy on mammalian
embryos in general.

This approach to prenatal diagnosis is a complicated
and expensive one. The efficiency of in vitro fertilization
is low, although the current statistics relate to infertile
couples. The hope is that a population with normal fertil-
ity undergoing preimplantation diagnosis would have
higher pregnancy rates.

Ethical issues also exist. Whereas the ethical status of
the early embryo has been widely discussed, the emer-
gence of new technologies, such as preimplantation diag-
nosis, raises further issues. Many people are uncomfort-
able with this type of early manipulation of the embryo
and think that it may open the door to germ-line genetic
therapy or other manipulations. Robertson feels that the
selection of embryos on genetic grounds is ethically ac-
ceptable because it obviates the birth of offspring with se-
vere genetic disorders without the need to undergo prena-
tal diagnosis and abortion.50

Clearly preimplantation diagnosis will remain an ex-
perimental procedure until these problems are solved. In

addition, because of the current need for in vitro fertiliza-
tion with its attendant high cost, the procedure will prob-
ably be used only by couples at high risk for having an
offspring affected with a genetic disorder.
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