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The aim of this study was to determine if donor age is associated with an increased incidence of diploidy and of
disomy for the sex chromosomes and for chromosomes 6 and 21. We used simultaneous fluorescence in situ
hybridisation (FISH) for chromosomes 6, 21, X and Y in sperm from 18 healthy donors, aged 24 ± 74 years (mean
48.8 years). A total of 194 024 sperm were analysed, with a minimum of 10 000 sperm scored for each donor. Our
results indicate a significant increase of the level of diploidy (P=0.002), and a marginal significance of total sex
chromosome disomy (P=0.055) with age. No increase was observed for disomies XX, YY, XY, 21 or 6. The
percentages of increase for disomy and for diploidy ranged from 0.3 to 17% for each 10-year period.
Chromosomes6and 21 didnot segregatepreferentially with theXorY chromosomes. Our findings show a linear
trendassociationbetweenageanddiploidyinhumanmales.EuropeanJournalofHumanGenetics (2001)9,533 ± 538.
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Introduction
Advanced maternal age is the most relevant aetiological

factor involved in human chromosome abnormalities. The

paternal contribution to aneuploid pregnancies that survive

to term ranges from 10 to 100% depending on the

chromosomes involved.1,2 Several epidemiological studies

have reported a relationship between advanced paternal age

and an increased risk of producing aneuploid offspring,3 ± 7

but a paternal age effect has not been found by others.8,9 In

these studies, maternally and paternally derived cases are

seldom identified, and it becomes very difficult to assign a

role to paternal age in the origin of aneuploidy.

Using molecular techniques, it is possible to determine

whether the chromosome imbalance originated in the oocyte

or the sperm. This allows the analysis of a possible relation-

ship between advanced paternal age and trisomies of paternal

origin. This approach has shown that only 10 ± 30% of

autosomal trisomies (chromosomes 13, 14, 15, 21 and 22)

originate during paternal meiosis.10,11 The paternal con-

tribution to sex chromosome aneuploidy is more substantial;

100% of XYYs and half of XXYs are of paternal origin,5 and in

80% of Turner syndrome cases the missing X is of paternal

origin.12,13 Other studies have described significant increases

in paternal age in uniparental disomy 1514 and in trisomy

1815 of paternal origin. However, MacDonald et al. (1994),16

Zaragoza et al.17 and Savage et al.18 observed no effect of

increases of paternal age in their analyses of paternally-

derived XXYs, XXXs, and acrocentric trisomies.

In spite of epidemiological and molecular studies, the

influence of paternal age on human nondisjunction remains

unclear. Both types of studies have limitations to isolate

paternally-derived cases compared to maternally-derived

cases when all trisomies are considered, due to their low

frequency.

An alternative approach to overcome the problems encoun-

tered in evaluating a paternal age effect is the direct analysis of

sperm chromosomes in aged men. Two- or three-colour

fluorescence in situ hybridisation (FISH) assays have been used

to determine if the frequency of aneuploid sperm increases

withdonorage.19 ± 25 Thesexchromosomes andchromosomes
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1, 6, 8, 12, 13, 14, 17, 18 and 21 have been investigated for an

age effect. All studies have detected an age effect for

aneuploidy of the sex chromosomes, except one of them

carried out in three men over 80 years of age.25 In the present

study we used four-colour FISH with probes for chromo-

somes 6, 21, X and Y to analyse approximately 200 000

sperm from 18 healthy sperm donors aged 24 ± 74 years (six

of them over 60) to determine if donor age is associated

with the incidence of disomy for chromosomes 6 and 21, and

for the sex chromosomes, and with the incidence of diploidy.

Materials and methods
Sperm donors

Semen samples were obtained from 18 healthy sperm donors

aged 24 ± 74 years free of exposures to any known mutagens,

clastogens, radiation or drugs. Thirteen were of proven

fertility (CM2, CM6, C7, C8, CM8, CM9, CM10, CM11,

CM12, CM13, CM14, CM15, CM16) and five were of

unknown fertility. Only four were smokers (CM1, CM4,

CM6, CM10). All donors gave informed consent prior to the

study. This research was approved by our institutional ethics

committee.

Sperm preparation

Semen samples were collected in sterile containers and

allowed to liquefy at 378C. The samples were washed three

times with 0.05 M KCl, fixed three times with methanol:

acetic acid (3 : 1), smeared onto clean slides, and preserved at

7208C until in situ hybridisation.

Probes

We applied simultaneous four-colour FISH, with centromeric

probes for chromosomes 6 (1 : 1 mix of Spectrum green, CEP

6, and Spectrum orange, CEP 6, Vysis, Inc. Downers Grove,

IL, USA), and X (Spectrum green, CEP X, Vysis, Inc), a DNA

satellite III probe for the Y chromosome (Spectrum aqua, Y

sat III, Vysis, Inc) and a locus specific DNA probe for

chromosome 21 (Spectrum orange, LSI 21, Vysis, Inc).

Chromosome 6 provided an internal control to characterise

diploid and disomic cells and nonhybridised cells.

Hybridisation procedure

Sperm nuclei were washed for 3 min with standard sodium

citrate (SSC) solution, dehydrated in an ethanol series,

treated by slide incubation in a solution of 5 mM dithio-

threitol (DTT), and denatured in 70% formamide. Slides were

hybridised for 72 h at 378C. Post-hybridisation washes

followed manufacturer's instructions. DAPI counterstain

(Vysis, Inc) and antifade were applied to the slides prior to

observation.

Data collection

Slides were analysed under an Olympus AX70 epifluores-

cence microscope (Olympus Optical Co, Hamburg, Ger-

many) equipped with a fluorescein isothiocyanate (FITC)/

Texas Red/4,6-diamino-2-phenylindole (DAPI) triple-band

pass filter, and a single-band pass filter for FITC, Texas Red,

and DAPI. The images were analysed with a Cytovision

system (Applied Imaging, Sunderland, UK).

Scoring criteria

Only slides with a hybridisation efficiency of at least 99%

were scored. Only intact and non overlapped sperm nuclei,

identified as decondensed sperm by the presence of a tail,

were evaluated. Two signals of the same colour were scored as

two copies of the chromosome when they were comparable

in brightness and size and separated from each other by a

distance longer than the diameter of each signal. Nullisomy

was considered when one of the signals was missing, and the

nucleus contained one signal for the other chromosomes. We

considered diploid those spermatozoa with one tail and two

signals for each of the four chromosomes studied. Eight

signals were scored in diploid sperm vs five signals in disomic

sperm.

Statistical analysis

A generalised additive model26 assuming that the data

followed a Poisson distribution was fitted to each chromo-

some abnormality to explore its relation to age. Hetero-

geneity among donors resulted in overdispersion. This was

tested by comparing the residual deviance reject to its degrees

of freedom. If overdispersion was significant, a negative

binomial distribution was assumed to perform the statistical

tests. Observed proportions and fitted values from a

smoothing spline function with 38 of freedom are plotted

to represent the non-linear relationship. Analysis of deviance

was done to assess heterogeneity and trend (linear and

quadratic), with age as a quantitative variable. Percentage

increase in abnormalities for each 10-year period, and its 95%

confidence intervals were calculated from the coefficient of

the linear model. Statistical and graphical analyses were

performed using S-Plus. Chi-square (with Yates correction)

with 18 of freedom was used to compare the sex ratio in sperm

disomic for chromosomes 6 or 21.

Results
A four-colour FISH assay was developed to simultaneously

determine the sex ratio, aneuploidy frequencies for chromo-

somes 6, 21, X and Y and the rate of diploidy. A total of

194 024 sperm nuclei were analysed in 18 normal men (age

range 24 ± 74 years) with a minimum of 10 000 sperm scored

for each donor.

Table 1 shows the individual disomy and diploidy

frequencies. We found interindividual differences in XY,

total sex chromosome and 21 disomy rates as well as in

diploidy. The linear regression test for trend used only

considers the variability caused by age, underestimating the

overdispersion not explained by age, and probably related to
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other factors. When a significant heterogeneity was found

with this test, an additional model based on the negative

binomial distribution was used to account for it, which

results in a decrease of significance. In spite of the loss

of significance, the tendency to increased chromosome

abnormality frequencies with age was maintained.

Our results indicate a significant tendency to an increase in

the overall level of diploidy (P=0.002) and a marginally

significant trend in total sex chromosome disomy (P=0.055)

in relation to age (Table 2). When the model based on a

negative binomial distribution was assumed, an increase in

XX, YY, XY, total sex chromosome, 6 and 21 disomy and

diploidy (13%, 0.3%, 11.7%, 8.6%, 11.4%, 5.9% and 17%,

respectively) was observed for each 10-year interval. The

linear trend relating age, diploidy and aneuploidy frequen-

cies for all chromosomes analysed is represented in Figure 1.

For each donor the ratio of X- to Y-bearing sperm was 1 : 1

as expected. The sex ratio in disomic sperm was 0.92 for

chromosome 21 and 1.35 for chromosome 6. We found no

evidence that chromosomes 6 and 21 segregated preferen-

tially with the X-chromosome or the Y-chromosome (P= 0.37

and P=0.62, respectively).

Discussion
This work was designed to determine if numerical chromo-

some abnormalities in human sperm are influenced by donor

age. In previous studies,19 ± 25 chromosomes 1, 8, 12, 13, 14,

17, 18, 21, X and Y were analysed by two- or three-colour

FISH. The age of the 90 donors studied ranged from 22 to 83

years, but only six of them, which were analysed in two

separate studies24,25, were over 60. One study included three

donors with an average age of 82 years,25 but the hybridis-

ation efficiency was low (approximately 80%) and the sperm

cells scored were less than 5000 per donor due to the kind of

the cells studied (testicular sperm cells). The present study

was based on an age distribution that should facilitate the

detection of an age effect, and 6/18 donors were over 60.

As shown in Table 2, we found a significant interindi-

vidual heterogeneity in the frequencies of XY and 21 disomy,

total sex chromosome disomy and diploidy. Significant

interdonor variations have been reported in most FISH

studies on paternal age on some chromosome aneuploidy

rates.20 ± 24 This heterogeneity, which could be related to the

genetic background of the donors and to environmental

exposures, makes it more difficult to detect trends in the

numerical abnormality frequencies related to age.

The frequencies of disomy and diploidy, for the chromo-

somes studied, showed a tendency to increase with each 10-

year interval, ranging from 0.3% to 17%.

Age vs disomy

We detected a marginal significant linear increase in the

frequency of total sex disomy with age (P=0.055). Four

previous FISH studies19 ± 22 suggested that sex chromosome

disomy increases with age in human sperm, affecting XX and

YY disomies,21 XX, YY, and XY19 and YY disomy.20,22

However, the present study is the first to report a linear

trend between sex chromosome disomy and increasing age.

Disomy rates in our donors are consistent with those

observed in human sperm karyotypes in three large

series27 ± 29 in which chromosome 21 and the sex chromo-

somes showed higher aneuploidy frequencies than expected.

However, no correlation,29 or negative correlation30 between

the incidence of aneuploidy and donor age had been

observed in sperm complement studies.

Table 1 Individual frequencies for disomy and diploidy in sperm from 18 normal men

Disomy (%)
Donor Age (years) Sperm scored YY XX XY TSDa 21 6 Diploidy (%)

CM1 24 10 385 0.06 0.01 0.07 0.13 0.04 0.03 0.31
CM3 24 10 531 0.05 0.02 0.06 0.12 0.08 0.05 0.17
CM4 25 11 268 0.05 0.05 0.08 0.18 0.03 0.02 0.17
CM7 30 11 021 0.06 0.04 0.09 0.20 0.03 0.01 0.19
CM5 37 10 732 0.03 0.04 0.06 0.13 0.05 0.02 0.14
CM2 38 10 998 0.04 0.01 0.06 0.12 0.06 0.04 0.10
CM6 42 10 293 0.04 0.04 0.16 0.24 0.04 0.02 0.33
C7 45 10 569 0.06 0.04 0.11 0.20 0.15 0.03 0.25
C8 49 11 142 0.05 0.03 0.06 0.14 0.18 0.04 0.17
CM8 52 11 463 0.06 0.05 0.07 0.18 0.06 0.03 0.45
CM9 54 11 295 0.04 0.04 0.09 0.18 0.07 0.00 0.26
CM10 56 10 723 0.07 0.02 0.12 0.21 0.05 0.02 0.38
CM11 60 10 677 0.06 0.04 0.30 0.38 0.10 0.03 0.47
CM12 62 10 318 0.06 0.08 0.08 0.22 0.05 0.03 0.34
CM13 64 10 912 0.04 0.04 0.03 0.12 0.13 0.02 0.50
CM14 71 10 398 0.07 0.04 0.16 0.27 0.09 0.06 0.41
CM15 72 10 816 0.05 0.04 0.12 0.20 0.05 0.03 0.25
CM16 74 10 483 0.03 0.07 0.08 0.17 0.06 0.04 0.31
MEAN 48.8 194 024 0.05 0.04 0.10 0.19 0.07 0.03 0.29
aTSD = total sex disomy.
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The sex bivalent may be particularly susceptible to pairing

abnormalities since in normal male meiosis, a single chiasma

is formed in the pseudoautosomal region.31 ± 33 Some

authors5,34 demonstrated a strong correlation between fail-

ure of recombination and subsequent XY bivalent non-

disjunction.

The age effect on disomy can be attributed to the

precocious separation of the X and Y chromosomes or to an

overall age-related increase in achiasmatic bivalents. Further

research is warranted to determine which specific changes in

paternal recombination are directly or indirectly associated

with the age effect on nondisjunction.

As in two previous studies,23,24 no significant age effect

was detected for 21 disomy frequency in our donors.

Similarly, Yoon et al.35 and Savage et al.18 found no increased

paternal age in their series of paternally derived 21 trisomy

cases.

Sex ratio in normal and disomic sperm

We studied the frequencies of X- and Y-bearing sperm in

haploid spermatozoa and in sperm disomic for chromosomes

6 and 21 in relation to age because an excess of males has been

reported6,18 among newborns with trisomy 21. Griffin et al.36

found that chromosome 21 disomic sperm were more likely to

be Y-bearing than X-bearing, and suggested a tendency of the

extra chromosome 21 to preferentially segregate with the Y

chromosome. Recently, Baumgartner et al.37 proposed that

sperm with disomy 21 had an evident tendency to carry a Y-

chromosome, although their results were not significant

(P=0.07). We found no preferential segregation of the extra

chromosome 21 with the X-chromosome or with the Y-

chromosome (P=0.61) in our donors. This is in agreement

with pooled data from human sperm complements with an

extra chromosome 21.29 This finding could indicate that a

preferential selection of male conceptuses in which the extra

chromosome 21 is paternally derived exists, and could explain

the excess of males among trisomy 21 newborn babies.

Age vs diploidy

A significant association between donor age and diploidy was

detected (P50.002) in our study, while some of the age

studies performed so far had found no association between

age and diploidy frequency.19,20,22,25 In other studies, this

parameter was not even analysed23 or discussed.21,24 The use

of simultaneous four-colour FISH allowed for a more accurate

scoring of diploidy, although it is not possible to discard that

these differences in the incidence of diploidy be caused by

heterogeneity among donors. Moreover, our data are in

agreement with the high percentage of triploids of paternal

origin (among which over 10% originate from diploid

sperm).38 Significant frequencies of diploid sperm have also

been found in some carriers of balanced chromosome

reorganisations,39 in fathers of children with Down syn-

drome,40 and in infertile patients, specially oligoasthenoter-

atozoospermic patients.41,42

One possible explanation for this increase of diploid sperm

frequency in older men would be the tendency of these

individuals to show synaptic anomalies related to a progres-

sively deteriorating testicular environment.43,44 This would

result in an increase in segregation defects during meiosis I,

leading to an arrest of cytokinesis, and to the subsequent

formation of diploid secondary spermatocytes, spermatids

and spermatozoa.44

Conclusions

Our results indicate that age is associated with an increased

frequency of diploidy, and suggest an association with

increased sex chromosome disomy. Diploidy shows the

highest rate of increase for each 10-year interval (17%),

indicating that this abnormality is the most susceptible to

increase with age.

The slight increases in sex chromosome disomies and

diploidy detected by us may not suggest an immediate,

Table 2 Results of statistical analyses used to determine
the association between male donor age and the rate of
numerical chromosomal abnormalities (see text)

Chromosome Linear trend in regression model Heterogeneity
abnormality % increase

for 10 years 95% Cla P value P value
Less Upper

Disomy
XX 13.0 72.0 30.3 0.09 0.64
YY 0.3 711.2 13.2 0.97 0.99
XY 11.7 72.8 28.4 0.12 0.0001b

Total sex chr. 8.6 70.2 18.1 0.055c 0.013b

21 11.4 73.2 28.1 0.13 0.007b

6 5.9 710.3 25.0 0.50 0.51

Diploidy 17.0 6.0 29.2 0.002d 50.0001b,d

aConfidence Interval; bNegative binomial distribution was assumed;
cMarginal significance; dIndicates significance of P value for linear
trend in spite of interdonor heterogeneity.

Figure 1 Relationship between age and frequencies of diploidy
and of disomy for chromosomes 6, 21, X and Y.
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significant clinical effect. However, increased frequencies of

chromosome 21 disomy have been found in spermatozoa

from fathers of Down patients of paternal origin,40,45 and an

increase of XY disomy have been detected in fathers of Turner

patients.46 In at least one case, a man with an elevated

frequency of 24,XY spermatozoa fathered a pregnancy with a

47,XXY karyotype, detected by prenatal diagnosis.47 More-

over, taking into account that a large proportion of

conceptuses are triploid,44,48 the slight increases in numer-

ical chromosome abnormalities detected in spermatozoa

could have more clinical importance than has been

recognised.
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