
Environmental and Molecular Mutagenesis 28: 167- 175 (1 996) 

Human Aneuploidy: Incidence, Origin, and Etiology 

Terry Hassold, Michael Abruzzo, Kenneth Adkins, Darren Griffin, 
Michelle Merrill, Elise Millie, Denise Saker, Joseph Shen, 

and Michael Zaragoza 
Department of Human Genetics and the Center for Human Genetics, Case Western 

Reserve Universiv, Cleveland, Ohio 

Key words: aneuploidy, human, chromosome abnormality 

INTRODUCTION 

Chromosome abnormalities occur with astonishing fre- 
quency in humans, being present in an estimated 10- 
30% of all fertilized eggs. Of the different classes of 
chromosome abnormality, aneuploidy (trisomy and mo- 
nosomy) is by far the most common and, clinically, the 
most important. For example, over 25% of all miscar- 
riages are monosomic or trisomic, making aneuploidy 
the leading known cause of pregnancy loss. Furthermore, 
among those conceptions that survive to term, aneuploidy 
is the leading genetic cause of mental retardation. 

Over the past 25 years, a considerable body of informa- 
tion has accrued on the incidence of aneuploidy in human 
gametes, fetuses, and newborns. More recently, the appli- 
cation of molecular biological techniques to the study of 
aneuploidy has begun to uncover some of the underlying 
causes of human aneuploidy. In this review, we first sum- 
marize the cytogenetic data on the incidence of aneu- 
ploidy in humans, and then discuss recent molecular data 
on the mechanism of origin of different aneuploid condi- 
tions, the basis of the maternal age effect on aneuploidy, 
and the importance of aberrant genetic recombination to 
the genesis of aneuploidy. 

INCIDENCE OF ANEUPLOIDY IN HUMANS 

The incidence of aneuploidy at a specific develop- 
mental time point depends on two factors: the incidence 
at the time of conception (or shortly thereafter) and the 
amount of postnatal selection occurring between concep- 
tion and the time point being studied. In humans, it is not 
possible to assay all developmental stages and, therefore, 
the incidence of aneuploidy at the time of conception 
can only be estimated. These estimates rely primarily on 
cytogenetic data gathered from clinically recognized 
human pregnancies and from studies of human gametes 
(Fig. 1). 

Clinically Recognized Pregnancies 

Of the three types of naturally terminating, clinically 
recognized pregnancies (Fig. l), livebirths are the most 
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easily accessible population, and, therefore, they have 
been the most extensively studied. During the 1960s and 
1970s, several cytogenetic studies of consecutive series 
of livebirths were conducted, and results on about 60,OOO 
newborns were obtained (Table I). These results indicate 
that approximately 0.3% of liveborns are aneuploid, with 
the single most common abnormality being trisomy 2 1. 
Other autosomal trisomies and monosomies are virtually 
nonexistent, with most of the remaining aneuploidies in- 
volving an additional or missing sex chromosome. 

Little information is available from stillbirths (i.e.. fetal 
deaths occurring between about 20 weeks gestation and 
term), due to the relative infrequency of late fetal wastage 
in humans. Nevertheless, cytogenetic studies of several 
hundred stillborn infants were conducted in the 1970s and 
1980s, and these are summarized in Table I. The overall 
frequency of aneuploidy among stillbirths is approxi- 
mately 4.0%, over 10-fold that for livebirths. However, 
the distribution of specific aneuploid conditions is similar 
to that observed for livebirths, with the most common 
abnormalities being sex chromosome trisomies or triso- 
mies 13, 18, and 21. 

Many cytogenetic surveys of spontaneous abortions 
(i.e., fetal deaths occurring between about 6-8 weeks of 
gestation and 20 weeks) have now been reported, with 
results being available on several thousand cases (Table 
I). These studies indicate an extremely high frequency of 
aneuploidy in early clinically recognized fetal wastage; 
that is, over 35% of all karyotyped fetuses have been 
aneuploid, representing a 100-fold increase over that ob- 
served in liveborns. Furthermore, the distribution of spe- 
cific aneuploid conditions differs remarkably from that 
seen in liveborns. For example, trisomies for most chro- 
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Clinically Recognized Pregnancies 
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Fig. 1 .  Time course of human pregnancy, showing the types of conceptions that have been studied 
cytogenetically. Information on the incidence of aneuploidy is now available from the three different 
categories of naturally terminating, clinically recognized human pregnancies (spontaneous abortions, still- 
births, and livebirths), and from sperm and oocytes. These data have been used to estimate the incidence 
of aneuploidy among early pregnancy losses and at conception, time points for which little cytogenetic 
data are available. 

mosomes have now been identified in spontaneous abor- 
tions, despite being absent in livebirths, with the most 
common of these being trisomy 16, which accounts for 
nearly one third of all trisomies in spontaneous abortions. 
Other aneuploid conditions common in spontaneous abor- 
tions, but rare or nonexistent in livebirths, include sex 
chromosome monosomy and trisomies 2, 14, 15, and 22. 

The information from these three types of pregnancy 
can be used to derive a minimal estimate of aneuploidy 
in our species. That is, by using the incidence figures in 
Table I and by assuming that approximately 15% of all 
clinically recognized pregnancies result in spontaneous 
abortion, approximately 1% in stillbirth, and the remain- 
der in livebirth, we can estimate the (a) frequency of 
different aneuploid conditions among all clinically recog- 
nized pregnancies and (b) the likelihood of survival to 
term for the different conditions. These estimates are pro- 
vided in Table I. They clearly underestimate the real inci- 
dence of aneuploidy in our species, since they do not take 
into account abnormalities that are eliminated before the 
time of clinical recognition of pregnancy; for example, 
autosomal monosomies, which should be the reciprocal 
nondisjunctional product of autosomal trisomies, but 
which are almost never identified in spontaneous abor- 
tions. Nevertheless, the estimates are useful in indicating 
that at least 5% of all human conceptions have an addi- 
tional or missing chromosome. 

Studies of Human Oocytes 

Difficulty in obtaining suitable study material has lim- 
ited cytogenetic investigations of human oocytes. How- 
ever, the introduction of in vitro fertilization (IVF) has 
provided a means of obtaining oocytes for research pur- 
poses, and over the past decade several thousand human 
oocytes obtained in IVF clinics have been examined cyto- 
genetically. The frequency of aneuploidy varies among 
the studies [reviewed in Jacobs, 19921, but in the largest 

ones rates of aneuploidy of approximately 20-25% have 
been reported (see Table 11 for summary). Presumably 
these values are underestimates, since the oocytes in these 
studies are arrested at meiosis 11, so that only abnormali- 
ties occurring at meiosis I can be identified. 

However, the relevance of these observations to the in 
vivo situation is uncertain. That is, the patients from 
whom the oocytes are obtained are unrepresentative of 
the general population of women of reproductive age; the 
oocytes are obtained from ovaries that have been hypersti- 
mulated in association with the I W  procedure; and the 
oocytes studied are unrepresentative of all oocytes re- 
trieved in IVF settings, since the vast majority studied 
are those remaining unfertilized after insemination with 
sperm. Furthermore, in a recent review of the oocyte data, 
Jacobs [ 19921 compared the types and overall frequency 
of chromosome abnormality with expected frequencies 
based on data from clinically recognized pregnancies. She 
found no correlation between the two data sets and con- 
cluded that the results of the studies of nondisjunction in 
IVF-retrieved oocytes are unlikely to reflect the in vivo 
situation. 

Because of these concerns, the results of the IVF-asso- 
ciated cytogenetic studies must be viewed with caution. 
Nevertheless, the studies indicate that, at least under ex- 
perimental conditions, abnormalities in chromosome seg- 
regation occur with very high frequency in human oo- 
cytes. Furthermore, one recent set of studies of human 
oocytes by Angell and colleagues [Angell et al., 1994; 
Angell, 19951 is notable in providing insight into a possi- 
ble important mechanism of human nondisjunction. In 
analyses of 179 meiosis Il oocytes, Angell and coworkers 
observed 64 with an abnormal haploid complement. Sur- 
prisingly, none of the abnormalities involved a whole 
extra chromosome, as would be predicted by the classical 
model of nondisjunction. Instead, they observed cells with 
22 whole chromosomes and an additional chromatid, cells 
with 22 chromosomes and 2 chromatids, and cells with 23 
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TABLE 1. Incidence of Sex Chromosome Monosomy and Individual Trisomies in Dflerent Populations of Clinically 
Recognizable Human Pregnancies, and Estimated Proportion Surviving to Term 

All clinically Population 

Chromosome Spontaneous abortions Stillbirths (n = 624) Livebirths (n = 56,952) recognized pregnancies Liveborn 
constitution (n = 4,088) (%) (%) (”/.I (%I (%) 

Sex chromosome 
monosomy (45, X) 8.6 0.3 0.005 1.3 0.3 

Total trisomy 26.1 4.0 0.3 4.1 c.6.0 
47, +2 1.1 - - 0.16 0.0 
3 0.3 - - 0.04 0.0 
4 0.8 - - 0.12 0.0 
5 0.1 - - 0.02 0.0 
6 0.3 - - 0.04 0.0 
7 0.9 - - 0.14 0.0 
8 0.8 - - 0.12 0.0 
9 0.7 0.2 - 0.10 0.0 
10 0.5 - - 0.07 0.0 
11 0.1 - - 0.07 0.0 
12 0.2 - - 0.02 0.0 
13 1.1 0.3 0.005 0.18 2.8 
14 1 .o - - 0.14 0.0 
15 1.7 - - 0.26 0.0 
16 7.5 - - 1.13 0.0 
17 0.1 - - 0.02 0.0 
18 1.1 1.1 0.01 0.18 5.4 
20 0.6 - - 0.09 0.0 
21 2.3 1.3 0.13 0.45 23.8 
22 2.7 0.2 - 0.40 0.0 
XXY 0.2 0.2 0.05 0.08 53.0 
xxx 0.1 0.2 0.05 0.05 94.4 
X W  - - 0.05 0.04 100.0 

Mosaic trisomy 1.1 0.5 0.02 0.18 9.0 
Double trisomv 0.8 - - 0.12 0.0 

Adapted from Hassold and Jacobs [1984]. 

whole chromosomes and an additional chromatid. These 
observations suggest that, contrary to conventional think- 
ing, premature division of the centromere at meiosis I 
may be the most important source of human trisomy. 
However, as these abnormalities have been observed only 
in IVF-retrieved oocytes, it is important that they be con- 
firmed in studies of unstimulated oocytes. 

Studies of Human Sperm 

Most studies of nondisjunction in male germ cells have 
used the “humster” technique. This approach involves 
cross-species fertilization of golden hamster oocytes with 
human sperm, and allows visualization of the chromo- 
some complements of both species. To date, over 20,000 
sperm chromosome complements have been examined 
(Table 11), with the overall rate of aneuploidy (calculated 
as twice the hyperhaploidy rate) being approximately 1 - 
2%. Disomy for most chromosomes has been identified, 
but there is also evidence for significant variation in dis- 
omy among chromosomes; that is, chromosomes 1,9,16, 
and 21 and the sex chromosomes are over-represented and 

cumulatively account for almost 60% of the hyperhaploid 
sperm that have been identified. Some of this excess may 
be artifactual [e.g., Jacobs, 19921, but it is also possible 
that the variation represents chromosome-specific differ- 
ences in structures affecting pairing and/or recombination 
or chromosome separation. 

However, it is unlikely that reliable chromosome-spe- 
cific rates of disomy ever will be obtained using the hums- 
ter assay, since it has taken several laboratories over a 
decade to identify fewer than 200 hyperploid sperm [Ja- 
cobs, 19921. Fortunately, the recent introduction of fluo- 
rescence in situ hybridization (FISH) may provide a suit- 
able alternative. Using chromosome-specific probes to 
score the numbers of signals in the sperm head, an ex- 
tremely large number of sperm can be scored quickly, 
and all sperm in an ejaculate can be evaluated, not just 
those capable of fertilization in an in vitro situation. Fur- 
thermore, the use of multicolor FISH protocols makes it 
possible to study several chromosomes simultaneously, 
to distinguish between diploidy and disomy, and, for the 
sex chromosomes, to distinguish between meiosis I and 
meiosis 11 nondisjunction Williams et al., 19931. 
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TABLE It. Summarv of Chromosome Studies of Human Oacytes and Smrm 

No. hypoploid No. hyperploid 2x hyperploidy 
Cell type Total no. studied (%) (%) (%) 

Oocytes 1024 189 70 140 

Sperm 20895 448 146 292 
(17.8) (6.6) (13.2) 

(2.1) (0.7) ( 1.4) 

Adapted from Jacobs [1992]. 

TABLE 111. Summary of Chromosome-Slx?cific Rates of Disomy (%) From Two-Color and Multicolor FISH Sperm Studies 

Chromosome No. of 
Studv Donors 1 3 4 6 7 8 10 12 15 16 17 18 XY XX YY 

Han et al. 0.28 0.21 0.21 
[I9931 

[I9931 

[I9931 

Wyrobek et al. 0.07 0.04 0.04 0.09 

Williams et al. 9 0.13 0.08 0.04 0.06 0.09 

Bischoff et al. 2 0.38 0.28 0.11 0.06 0.09 0.22 0.30 0.20 0.39 0.13 0.25 0.38 0.08 0.13 

Spriggs et al. 5 0.10 0.16 0.11 0.11 0.07 0.21 0.15 

Griffin et al. 24 0.04 0.02 0.03 0.13 

[ 19941 

[ 19951 

I 19951 

Adapted from Spriggs et al. [1995]. 

The results of several recent two-color and multicolor 
FISH sperm studies are summarized in Table 111. To date, 
only a relatively small number of donors have been stud- 
ied. Nevertheless, the results are consistent with the hums- 
ter studies in two respects. First, the results suggest that, 
for individual autosomes, the likelihood of meiotic non- 
disjunction is probably about 0.1%, suggesting a total 
frequency of autosomal disomy of approximately 2%. 
Second, in each of the studies in which both autosomes 
and sex chromosomes have been investigated, sex chro- 
mosome disomy is at least twice as common as disomy 
for individual autosomes. Thus, it may be that the sex 
chromosomes are particularly susceptible to nondisjunc- 
tion in male meiosis. 

Summary: Incidence of Trisomy at Conception 

Taken together, the studies of clinically recognized 
pregnancies and human gametes suggest a high level of 
aneuploidy at the time of conception. The studies of clini- 
cally recognized pregnancies make it clear that at least 5% 
of all human conceptions are aneuploid, and the studies of 
human gametes suggest that the actual value is much 
higher, possibly 20-25%. 

Recent cytogenetic studies of human pre-implanation 
embryos suggest that the latter estimates may be more 
accurate. That is, Jamieson et al. [ 19941 recently analyzed 

178 “spare” diploid embryos obtained in association with 
IVF or GIFT (gamete intra-fallopian transfer) procedures, 
and found 34 (19.1 %) to be aneuploid. As would be ex- 
pected from studies of clinically recognized pregnancies, 
trisomy 16 and trisomies involving the acrocentric chro- 
mosomes were the most common abnormalities; thus, the 
results may well reflect the in vivo situation. Furthermore, 
their results are similar to those of Angel1 and colleagues 
[1988], who identified aneuploidy in 6 of 30 early em- 
bryos. Additional studies will be necessary to confirm 
these initial impressions; nevertheless, on the basis of the 
present data it seems reasonable to suggest that at least 
one in five of all human conceptions is aneuploid. 

ORIGIN OF ANEUPLOIDY 

Despite its incidence and clinical importance, until re- 
cently we knew relatively little about the parent or meiotic 
stage of origin of most human trisomies or monosomies. 
In large part, this was due to the inability to distinguish 
between paternally and maternally derived chromosomes 
in the aneuploid conceptus; that is, polymorphisms were 
not available to distinguish between chromosomes that 
came from the father and those that came from the mother. 

The identification of DNA polymorphisms has elimi- 
nated this problem. Highly informative polymorphisms 
are now available for all human chromosomes, making it 
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TABLE IV. Parental Origin of the Single X Chromosome 2 z in Presumed Nonmosaic 45, X Livebirths and 0 
d 7 d d  Spontaneous Abortions 

z co s 
Ln 
0 ti d m  ti 6 - t  ti 
m k I m l L I m l L I m l L x  

Parental origin of the single X 
chromosome 

Population Paternal Maternal 

Li vebirths 19 (23%) 65 (77%) 
Smntaneous abortions 8 (17%) 39 (83%) 

Adapted from Hassold et al. [1992]. 

with little success. However, recent molecular studies 
have identified an important correlate of human trisomy, 
aberrant meiotic recombination, and have begun to shed 
light on the only etiological factor incontrovertably linked 
to tris0my7 increasing age Of the mother. 

Fig. 2. Studies of the origin of the additional chromosome 16 in four 
fetuses with trisomy 16, using the chromosome 16 polymorphic marker 
SPN. In each case, the fetus had three alleles, two of which were 
maternally derived; because SPN is closely linked to the centromere of 
chromosome 16, this suggests that each case originated from a maternal 
meiosis I error. Recombination and Human Nondisjunction 

possible to determine the parent and meiotic origin of any 
chromosome abnormality. An example of this technique 
is provided in Figure 2, and the results of analyses of 
several hundred aneuploid fetuses and liveborns are sum- 
marized in Tables IV and V. The results of these studies 
demonstrate that sex chromosome monosomy usually re- 
sults from loss of the paternal sex chromosome (Table 
IV). This is the case regardless of whether the conception 
is liveborn or spontaneously aborted, indicating that the 
parental origin of the abnormality does not affect its likeli- 
hood of surviving to term. 

Trisomies show remarkable variation in parental origin 
(Table V). For example, paternal nondisjunction is re- 
sponsible for nearly 50% of 47, XXYs, but only 5- 10% 
of cases of trisomies 13, 14, 15, 21, and 22, and is 
rarely-if ever-the source of the additional chromo- 
some in trisomy 16. Similarly, there is considerable vari- 
ability in the meiotic stage of origin. For example, among 
maternally derived trisomies, all cases of trisomy 16 may 
be due to meiosis I errors, while for trisomy 21 one third 
of cases are associated with meiosis 11 errors, and for 
trisomy 18 the majority of cases are apparently due to 
meiosis II nondisjunction. Nevertheless, irrespective of 
this variation in parental and meiotic origin, nondisjunc- 
tion at maternal meiosis I appears to be the most common 
source of human trisomy. 

ETIOLOGY OF HUMAN ANEUPLOIDY 

Despite years of intensive study, we still know little 
about factors that influence the frequency of trisomy in 
humans. For example, efforts to identify important envi- 
ronmental or genetic components to trisomy have met 

In yeast and Drosophila, mutants that reduce meiotic re- 
combination typically have increased frequencies of nondis- 
junction [e.g.. Hawley et al., 1993; Rockmill and Roeder, 
19941. In humans, the first evidence of an association be- 
tween aberrant recombination and trisomy came in 1987, 
when Warren et al. reported reduced levels of chromosome 
21 recombination in meioses leading to Down syndrome. 
Subsequently, several laboratories have extended these ob- 
servations. Using centromere mapping techniques, Sherman 
and colleagues [1991, 19941 constructed genetic maps of 
chromosome 21 based on trisomies of maternal meiosis I 
and maternal meiosis II origin and compared them with the 
normal female map of chromosome 21. The length of the 
meiosis I map was approximately one-half that of the normal 
map, demonstrating the importance of reduced recombina- 
tion in the genesis of trisomy 21. One explanation for this 
might be that, in a proportion of trisomy-generating meioses, 
the chromosome 2 1 bivalent failed to pair andor recombine. 
However, other evidence suggests that this is not the case. 
That is, Sherman et al. [1994] observed an altered distribu- 
tion of exchanges between the trisomy-generating and 
normal meioses, indicating that placement, as well as 
number, of chiasmata is important in segregating the chro- 
mosomes 2 1. 

Abnormalities in the frequency or location of meiotic 
exchanges have been implicated in several other human 
trisomies. In studies of paternally derived 47, XXY, the 
overwhelming majority of cases show no evidence of 
crossing over in the short arm pseudoautosomal region 
[Hassold et al., 19911. This is in sharp contrast to normal 
male meioses, in which a single chiasma ordinarily joins 
Xp and Yp [Schmitt et al., 19941, and suggests that failure 
of recombination in the region is an important component 
of paternal sex chromosome nondisjunction. Studies of 
maternal sex chromosome trisomies also suggest an effect 
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pter 
10 - 

TABLE V. Molecular Studies of Parental and Meiotic Stage of Origin in Autosomal and 
Sex Chromosome Trisomies 

1 
3 

- 10 

Paternal Maternal 

Trisomy No. informative cases I II I or I1 I I1 1 or I1 Percent maternal 

2-12 16 3 13 81 
13-15 54 1 4 2  12 8 27 87 
16 62 51 1 10 100 
18 73 3 16 35 19 96 
21“ 436 5 24 306 101 93 
22 11 2 6 1 1  89 
XXY 133 58 40 13 22 56 
xxx 47 2 24 10 10 94 

a For trisomy 21, we have presented only those cases having information on both parent and meiotic stage 
of origin of trisomy. 
Adapted from Abruzzo and Hassold [1995]. 

of aberrant recombination. Thus, MacDonald et al. [ 19941 
constructed a tisomy-based genetic map of the X chro- 
mosome from analyses of 47, XXY and 47, XXX concep- 
tuses of maternal origin, and found it to be significantly 
shorter than the normal female map. However, unlike 
maternal trisomy 2 1, some proportion appeared to be due 
to failure of recombination between the X chromosomes. 
Another proportion appeared attributable to altered place- 
ment of exchanges, but, surprisingly, the effect was asso- 
ciated with increased rather than decreased recombina- 
tion. That is, pericentromeric recombination was elevated 
in the trisomy-generating cases, suggesting that proxi- 
mally located exchanges might lead to “chromosome en- 
tanglement” [Bridges, 19161 and failure of the X chromo- 
somes to nondisjoin. 

In addition to studies of sex chromosome trisomies 
and trisomy 21, reductions in recombination have been 
observed for uniparental disomy 15 [Mascari et al., 1993; 
Robinson et al., 19931 and trisomy 16 [Hassold et al., in 
press]. Further, for each of these conditions the placement 
of exchanges appears different between the trisomy-gen- 
erating and normal meioses because the majority of ex- 
changes in the nondisjunctional meioses occur distally. 
This is illustrated in Figure 3 for trisomy 16. The distribu- 
tion and frequency of exchanges in normal and trisomy 
16-generating meioses appears similar over distal 16p 
and distal 1%; however, in the proximal regions the dif- 
ference between the two maps is remarkable-an interval 
measuring approximately 80 cM in the normal is reduced 
to 4 cM in the trisomic map. Possibly, proximally located 
chiasmata are important in properly segregating the chro- 
mosome 16 bivalent at meiosis I. 

Thus, aberrant genetic recombination is an important 
contributor to all human trisomies that have been appro- 
priately studied. However, the relative importance of fail- 
ure to recombine, as opposed to alterations in chiasma 
distribution, needs to be determined, as does the relation- 
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Fig. 3. Comparison of chromosome 16 genetic maps of normal female 
meioses (using genotyping information from CEPH families) and tri- 
somy 16-generating meioses. Most loci on the map are short sequence 
repeat polymorphisms, detectable by standard PCR methodology. The 
trisomy 16 map is significantly shorter than the normal map, due to a 
deficit of exchanges in the proximal long and short arms. 
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cies, assuming a spontaneous abortion rate of 15%, for all trisomies (a) and for individual trisomies (b). 

Maternal age and trisomy. Estimated incidence of trisomy among all clinically recognized pregnan- 

ship of aberrant recombination to maternal age-dependent 
trisomy. 

Maternal Age Effect o n  Trisomy 

The association between increasing maternal age and 
Down syndrome was recognized over 60 years ago [Penrose, 
19331, long before it was determined that Down syndrome 
was caused by trisomy 21. Subsequently, studies of sponta- 
neous abortions have shown that most, if not all, human 
trisomies are similarly affected (Fig. 4). Furthemore, these 
studies suggest that, by age 4 - 4 5  years, a majority of all 
ovulated oocytes may be aneuploid. 

Despite the obvious clinical importance of the maternal 

age effect on trisomy, we still know very little about its 
basis. Several models have been proposed to explain the 
effect. These include prenatally determined differences in 
chiasma frequency among oocytes (the so-called produc- 
tion line hypothesis) [Henderson and Edwards, 19681, 
exposure to agents inducing double-strand breaks during 
the prolonged dictyotene stage of meiosis I [Hawley et 
al., 19941, a declining oocyte pool with age [Warburton, 
19891, and changes in the follicular environment or in 
the meiotic cell cycle in the aging ovary [Crowley et 
al., 1979; Gaulden, 19921. However, it remains unknown 
which, if any, of these models apply. Indeed, until re- 
cently it has not been possible even to exclude the idea 
that the age-dependent increase in trisomy is due to de- 
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creased likelihood of aborting a trisomic conception [e.g., 
Ayme and Lippman-Hand, 19821 rather than to an in- 
crease in trisomy frequency at conception. 

Recently, molecular studies finally have put this last, 
“relaxed selection,” model of the maternal age effect to 
rest; that is, the model predicts the presence of a maternal 
age effect in rrisomy, regardless of the way in which the 
extra chromosome origmates. However, studies of trisomy 
21 [Sherman et al., 19941 and sex chromosome trisomy 
WacDonald et al., 19941 indicate a maternal age effect in 
cases of maternal, but not paternal, origin. Furthermore, in 
trisomy 18 [Fisher et al., 19951 and trisomy 21 [Antonarakis 
et al., 19931, those cases consistent with a mitotic origin 
show no association with increasing maternal age, regardless 
of the parent of origin of the additional chromosome. Thus, 
it seems likely that the maternal age effect is restricted to 
cases involving maternal meiotic nondisjunction. 

However, there is less certainty about the relative im- 
portance of advanced maternal age on errors at meiosis 
I and II. In maternally derived sex chromosome trisomy, 
the increase in maternal age is limited to cases of maternal 
meiosis I origin [MacDonald et al., 19941. Similarly, in 
trisomy 16, a condition thought to be entirely maternal- 
age dependent [Risch et al., 19861, virtually all cases 
result from maternal meiosis I nondisjunction [Hassold 
et al., 19951. Thus, these studies implicate an age-related 
effect on maternal meiosis I but not meiosis 11. However, 
in studies of trisomies 18 [Fisher et al., 19951 and 21 
[Sherman et al., 19941, there is no significant difference 
in mean maternal age in cases of maternal meiosis I and 
maternal meiosis I1 origin, suggesting that age affects 
chromosome segregation at both divisions. 

Regardless of the relative importance of meiosis I and 
I1 errors in generating the age effect, recent studies have 
identified the first molecular correlate of maternal age- 
dependent trisomy, namely, reduced recombination. In 
sex chromosome trisomy [MacDonald et al., 19941 the 
effect of reduced recombination is most pronounced in 
the older maternal age categories. Further, in trisomy 16 
[Hassold et al., 19951, thought to be entirely maternal age- 
dependent, reduction in recombination in the proximal 
regions appears to be an important predisposing factor. 
Taken together, these observations suggest that with in- 
creasing maternal age human oocytes are more likely to 
nondisjoin because they lack the appropriate number or 
placement of chiasmata or because the aging ovary is less 
able to process oocytes with reduced levels of recombina- 
tion or altered location of exchanges. 

S U M M A R Y  AND PERSPECTIVE 

Over the past 30 years a great deal of information has 
accumulated on the incidence of aneuploidy in different 
types of human pregnancies; on the contribution of aneu- 
ploidy to infertility, pregnancy loss, and malformation 

syndromes; and on the parental source and meiotic stage 
of origin of aneuploid gametes. However, surprisingly 
little has been learned about the underlying mechanisms 
that cause aneuploidy, or the possible effect of environ- 
mental insults on the incidence of aneuploidy. Advances 
in molecular and cytogenetic methodology now make it 
possible to address many of these issues, which, until 
recently, were considered intractable. The application of 
these techniques to the study of human gametes, human 
trisomic and monosomic conceptions, and mammalian 
model organisms is only now beginning; nevertheless, by 
the end of the century it seems likely that we will under- 
stand the molecular basis of human nondisjunction, as 
well as the reason for the well-known association between 
increasing maternal age and trisomy. 
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