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Abstract
Purpose  Sperm chromosomal abnormalities impact male fertility and pregnancy outcomes. However, the proportion of 
sperm with chromosomal abnormalities in normozoospermic men remains unclear. Herein, we evaluated sperm aneuploidy 
for 23 chromosomes to elucidate its incidence in normozoospermic men.
Methods  Sperm from ten normozoospermic donors were obtained from a human sperm bank and analyzed using fluores-
cence in situ hybridization. The frequencies of nullisomy, disomy, and diploidy were analyzed along with trisomy, triploidy, 
tetraploidy, and other numerical abnormalities per chromosome and per donor levels.
Results  A total of 248,811 sperm cells were analyzed (average: 24,881 ± 381 cells/donor), of which 246, 658 were haploid, 
818 nullisomic, 393 disomic, 894 diploid, 13 triploid, 8 tetraploid, 3 trisomic, and 24 harbored multiple aneuploidies. Among 
the 22 autosomal and 2 sex chromosomes, the mean frequency of aneuploidy per chromosome was 0.49 ± 0.16%, including 
0.33 ± 0.16% for nullisomy and 0.16 ± 0.08% for disomy. The mean frequencies of nullisomy, disomy, and aneuploidy per 
donor were 0.33 ± 0.13%, 0.16 ± 0.05%, and 0.49 ± 0.13%, respectively. The total frequencies of nullisomy, disomy, diploidy, 
and aneuploidy per donor were 7.62 ± 3.06%, 3.63 ± 1.12%, 0.36 ± 0.15%, and 11.25 ± 3.05%, respectively.
Conclusions  The dominant chromosome numerical abnormalities in normozoospermic men are nullisomy, disomy, and 
diploidy. Generally, the frequency of nullisomy is higher than that of disomy. The disomy or nullisomy frequencies for each 
chromosome being gained or lost were not unified and varied; some chromosomes (e.g., chromosomes 21 and 22 and sex 
chromosomes) are more prone to disomy while some others (e.g., chromosome 3) are more prone to nullisomy.

Keywords  Normozoospermic donor · Male infertility · Sperm · Fluorescence in situ hybridization · Aneuploidy · 
Nullisomy

Introduction

Aneuploidy involves the gain or loss of one or more of the 
24 chromosomes, which affects 0.3% of newborns and is 
observed in 4% of stillbirth cases as well as 35% of clini-
cally recognized spontaneous abortions [1, 2]. Additionally, 
aneuploidy accounts for up to 60% of early pregnancy loss 
in humans [3–5]. The resulting quantitative change in genes 
from certain chromosomes disturbs embryonic development, 
thereby resulting in most embryos being unable to survive 
through the early developmental stages. Embryos with extra 
chromosomes of 13, 18, 21, X, and Y might be viable and 
develop to later stages or even up to live birth; however, such 
cases are often accompanied by severe developmental dis-
orders, multiple malformations, intellectual disability, and 
cognitive impairment [6]. Previous studies have suggested 
that embryonic chromosomal abnormalities can result from 
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meiotic errors in germ cells and mitotic errors in zygotes 
[7–9]. It is important to assess the proportion of sperm or 
oocytes with an abnormal chromosome number, as these 
indexes are directly related to the production of embryos 
with chromosomal abnormalities.

Prior to the introduction of the human sperm–hamster egg 
system in the 1980s, information on human germ-cell chro-
mosomes obtained through indirect means had been limited 
[10]. This system allows for the direct analysis of sperma-
tozoon karyotype under a microscope; however, the tech-
nique is rather complex, requiring hamster egg collection, 
co-incubation of hamster egg and human sperm, and sperm 
fusion with hamster egg. Moreover, given their low penetra-
tion and fusion rate, metaphase chromosomes are difficult to 
obtain, and the respective bands are often ambiguous during 
analysis [11, 12]. In the 1990s, fluorescence in situ hybridi-
zation (FISH) technology was first described and introduced 
for evaluating sperm chromosome numerical abnormalities. 
FISH has many advantages, including interphase detection 
without the need for cell culture to obtain metaphase chro-
mosomes, improved statistical power due to the availability 
of a larger number of interphase cells compared to those of 
metaphase cells in the human sperm–hamster egg system, 
high sensitivity and specificity through chromosome-specific 
nucleotide-sequence probes, and convenience in the detec-
tion of changes in chromosome count based on fluorescent 
signals, which altogether enable improved chromosome 
number detection [13–16].

Although normozoospermic males produce a certain frac-
tion of aneuploid sperm, there is limited knowledge regard-
ing the aneuploidy levels of all 23 chromosomes in the 
sperm cells of normozoospermic males. Templado et al. [17] 
analyzed healthy donor data from 30 studies that focused 
on sperm aneuploidy assessment and found that most stud-
ies selected a handful of chromosomes for analysis (most 
often chromosomes 13, 18, 21, and the sex chromosomes). 
In contrast, the remaining chromosomes were rarely studied, 
while the total number of chromosomes analyzed in the 30 
studies added up to 18 chromosomes [17]. This might be 
attributed to the fact that FISH cannot simultaneously detect 
all 23 chromosomes in a single sperm nucleus owing to the 
limited number of fluorescent molecules, the limited space 
within the sperm making signals superimposed and difficult 
to analyze, and the expensive cost of probes for detecting all 
23 chromosomes. Furthermore, aneuploidy rates for the 18 
chromosomes in human sperm reportedly range from 0.03% 
(chromosome 8) to 0.47% (chromosome 22) [17], suggesting 
that the incidence of sperm aneuploidy is low and requires 
a large number of sperm to be analyzed for its detection. 
This would impose a considerable research workload and 
represents a major reason for most studies focusing on a few 
specific chromosomes that allow an embryo to survive when 
trisomy occurs. However, the more chromosomes analyzed, 

the more information can be obtained to determine the over-
all incidence of aneuploidy in men with normozoospermia.

Therefore, in this study, we examine the proportion of 
spermatozoa with numerical abnormalities in all 23 chro-
mosomes to gain a comprehensive understanding of the fre-
quency and range of variation for all chromosomal numeri-
cal abnormalities in the sperm of normozoospermic males.

Materials and methods

Donors

Ten normozoospermic donors (age: 25–39 years; mean: 
30.7 ± 4.7 years) who met the sperm-donation criteria were 
recruited from the human sperm bank of Fudan University. 
Among the ten donors, five had children, while the remain-
ing five did not, one of which had donated sperm twice and 
the recipients had frozen the embryos, and the other four 
were being selected by recipients. All donors presented 
normal semen parameters, including sperm concentration, 
progressive motility, and morphology, according to the fifth 
edition of World Health Organization standards. The semen 
parameters of the ten donors are listed in Table 1.

Ethical approval

All participants underwent genetic counseling and provided 
informed consent regarding donation and the purpose of the 
sperm aneuploidy study program. The study was approved 
by the Ethics Committees of Shanghai JiAi Genetics & IVF 
Institute (JIAI E2018-23) and the Human Sperm Bank of 
Fudan University (HSBOFU2021-01).

Semen preparation

Semen was collected after 3 days of abstinence, rinsed three 
times in 1 × Dulbecco’s phosphate-buffered saline (Life 
Technologies, Carlsbad, CA, USA), and then centrifuged 
for 8 min at 300 × g. The pellet was resuspended in a 3:1 
fixative solution of methanol and glacial acetic acid, after 
which sperm cells were transferred onto slides and digested 
in 1 N NaOH at room temperature for 2 min to decondense 
highly compacted sperm chromatin [18]. The slides were 
then dehydrated into a 70%, 85%, and 100% ethanol series 
for 1 min each and air dried.

FISH protocol

A probe mix solution was prepared according to the manu-
facturer’s instructions (Abbott Laboratories, Chicago, IL, 
USA). For each donor, 22 rounds of FISH were performed 
separately on 22 slides with corresponding triple or dual 
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colored probe mix to assess 22 autosomal chromosomes 
with approximately 1000 sperm nuclei scored for each 
chromosome. The triple hybridization probe sets consisted 
of (1) one chromosome 1–3 centromeric probes (locus 
D1Z1, D2Z1 or D3Z1, Spectrum Orange; Vysis Inc.) plus 
chromosome X (locus DXZ1, Spectrum Green; Vysis Inc.) 
and chromosome Y (locus DYZ1, Spectrum Aqua; Vysis 
Inc.) centromeric probes; (2) one chromosome 4, 6–11, 
and 16–18 centromeric probes (4, 6–11, and 16–18 cen-
tromeric probes, Spectrum Aqua; Vysis Inc) plus chromo-
some X (locus DXZ1, Spectrum Green; Vysis Inc.) and 
chromosome Y (locus DYZ3, Spectrum Orange; Vysis 
Inc.) centromeric probes. The dual hybridization probe 
sets consisted of (1) chromosome 12 centromeric probe 
(locus D12Z1, Spectrum Green; Vysis Inc.) plus chro-
mosome 18 centromeric probe (locus D18Z1, Spectrum 
Aqua; Vysis Inc.); (2) one chromosome 5, 14–15, 19–20, 
and 22 sub telomeric DNA probes (5, 14–15, 19–20, and 
22 sub telomeric DNA probes, Spectrum Orange; Vysis 
Inc.) plus chromosome 18 centromeric probe (locus 
D18Z1, Spectrum Aqua; Vysis Inc.); (3) chromosome 13 
(locus RB1, Spectrum Orange; Vysis Inc.) or chromo-
some 21 (loci D21S259, D21S341, D21S342, Spectrum 
Orange; Vysis Inc.) locus-specific probe plus chromosome 
18 centromeric probe (locus D18Z1, Spectrum Aqua; 
Vysis Inc.). The centromeric probes for chromosomes 18, 
X, and Y were performed as “ploidy” control in triple or 
dual hybridization (the probe combinations are listed in 
Supplemental Table 1). Because the triple-colored probe 
mix included X and Y centromeric probes as “ploidy” con-
trols for autosomes, the number of sex chromosomes was 
assessed by analyzing 1000 sperm cells on slides hybrid-
ized with the triple-colored probe mix.

After mixing, the probe solution was added to the slides 
with sperm from semen preparation, covered with a cover 
slip, sealed with rubber cement, and then co-denatured in a 
humidified chamber ThermoBrite (IRIS international, Inc, 
USA) at 78 °C for 5 min. After overnight hybridization at 
37 °C, the coverslips were removed, and the slides were 
washed in 0.4 × SSC/0.3% Igepal at 72 °C for 2 min and 
then in 2 × SSC/0.1% Igepal at room temperature for 1 min. 
The slides were then air dried, treated with 4,6-diamidino-
2-phenylindole counterstain, and analyzed using the auto-
mated CytoVision image analysis and capture system (Leica 
Biosystems Richmond, Inc., Richmond, IL, USA).

Scoring criteria

Nuclei were scored only when intact and clearly defined bor-
ders and strong fluorescent signals were present. In addition, 
two signals with the same color and equivalent fluorescent 
intensity separated by less than the diameter of one domain 
were scored as a single signal. A spermatozoon was scored 
as haploid for a given chromosome if it showed one signal 
for that chromosome and one signal for the other control 
chromosome (Fig. 1a). The numerical abnormalities were 
defined as follows: (1) nullisomy, if a given chromosome 
had no signal and the other control chromosome had one 
signal (Fig. 1b); (2) disomy, if a given chromosome had 
two signals and the other control chromosome had one sig-
nal (Fig. 1c); (3) diploidy, if both the given and the control 
chromosomes had two signals (Fig. 1d); (4) “others” con-
sisting of trisomy, if a given chromosome had three signals 
and the other control chromosome had one signal (Fig. 1e); 
triploidy, if both the given and the control chromosomes 
had three signals (Fig. 1f); tetraploidy, if both the given and 

Table 1   Semen parameters of 
ten donors

WHO reference values refer to the fifth edition of the WHO Laboratory Manual for the Examination and 
Processing of Human Semen, 2010
SD, standard deviation; WHO, World Health Organization

Donor no Age (y) Volume (mL) Concentration 
(106/mL)

Motility (%) Normal 
morphology 
(%)

1 30 2 164 62  > 4
2 29 3.5 109 60  > 4
3 28 3 76 62  > 4
4 36 4.7 76 64  > 4
5 25 6.7 70 60  > 4
6 25 3 150 60  > 4
7 37 2.5 111 60  > 4
8 39 4.7 79 61  > 4
9 29 2.7 68 62  > 4
10 29 2.5 60 63  > 4
Mean ± SD 30.7 ± 4.7 3.5 ± 1.4 96.3 ± 34.3 61.4 ± 1.4 —
WHO reference values — 1.5 15 40 4
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the control chromosomes had four signals (Fig. 1g); mul-
tiple aneuploidy, if the given chromosome and the control 
chromosome had discordance in signals different from those 
described (Fig. 1h–i).

The scoring process was accomplished using the 
automated FISH system, GSL-120 (Leica Biosystems 
Richmond, Inc), and two experienced technicians. 
The GSL-120 is automated slide loading, cell finding, 

capturing system using scanning and image acquisi-
tion and analysis software tools. After capturing about 
1000 sperm cells, the system automatically processes 
the signals and classifies the different signal patterns. 
After classification, the technicians double-checked 
the signal from each cell using the abovementioned 
scoring criterion, thereby guaranteeing the accuracy 
of classification.

Fig. 1   Examples of signal patterns of chromosomal numerical abnor-
malities under fluorescence microscopy. The probes were labeled in 
different colors: orange, the Y chromosome; green, the X chromo-
some; and aqua, a given autosome. a–d and f–i A given autosome 

was evaluated using the sex chromosomes as the “ploidy” controls. e 
The sex chromosomes were evaluated using a given autosome as the 
“ploidy” control. a Haploidy. b Nullisomy. c Disomy. d Diploidy. e 
Trisomy. f Triploidy. g Tetraploidy. h–i Multiple aneuploidies

1890 Journal of Assisted Reproduction and Genetics (2022) 39:1887–1900
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Statistical analysis

Data were analyzed using one-way analysis of variance or 
nonparametric tests (when data were not normally distrib-
uted, and the error variance was unequal). A Student–New-
man–Keuls or Steel–Dwass post-test was used for further 
comparison when there was statistical significance across 
groups. All tests were conducted using SPSS (v.22.0; IBM 
Corp., Armonk, NY, USA), and results with p < 0.05 were 
considered significant.

Results

Here, 248,811 spermatozoa were scored in ten donors, with 
a mean of 24,881 ± 381 spermatozoa per donor. Data pool-
ing revealed 246,658 haploid spermatozoa, with 818 nul-
lisomic, 393 disomic, 894 diploid, 13 triploid, 8 tetraploid, 
3 trisomic, and 24 cells exhibited multiple aneuploidies 
(Table 2).

Aneuploidy rates per chromosome

A total of 818 nullisomic and 393 disomic sperm cells were 
observed, accounting for 0.49% of the 248,811 sperm cells 
analyzed (Table 2). The mean nullisomy and disomy fre-
quency per chromosome ranged from 0.09 to 0.80% and 0.05 
to 0.32%, respectively, with a significant difference in the 
frequency among chromosomes (p < 0.001) (Table 3). For 
nullisomy, the frequency for chromosome 3 was significantly 
higher than chromosomes 4, 5, 7, 9, 11, 12, 13, 15, 16, 19, 
20, and 22 (p < 0.05). However, it was not significantly dif-
ferent from chromosomes 1, 2, 6, 8, 10, 14, 17, 18, 21, and 
sex nullisomy (p > 0.05) (Table 3 and Fig. 2). The upper 
bound of 95% confidence interval for the frequency of nul-
lisomy per chromosome ranged from 0.18% (chromosome 
16) to 1.34% (chromosome 3) (Table 6). For disomy, the rate 

for chromosomes 4, 21, 22, X, and Y was higher than other 
chromosomes, especially significantly higher than chromo-
some 7 (p < 0.05) (Table 3 and Fig. 2). Moreover, disomy X, 
Y, and 22 were significantly higher than disomy 11 (p < 0.05) 
(Table 3 and Fig. 2). The upper bound of 95% confidence 
interval for the frequency of disomy per chromosome ranged 
from 0.10% (chromosome 7) to 0.51% (chromosome sex) 
(Table 6). The frequency of aneuploidy per chromosome 
was calculated by summing the frequencies of nullisomy and 
disomy per chromosome, resulting in a range from 0.19% 
(chromosome 16) to 0.89% (chromosome 3) (Table 3). There 
was no significant difference in the incidence of aneuploidy 
between any different chromosomes (p > 0.05) except the 
difference between chromosome 3 and chromosome 16 
being significant (p < 0.05) (Table 3 and Fig. 2). The upper 
bound of 95% confidence interval for the frequency of ane-
uploidy per chromosome ranged from 0.27% (chromosome 
16) to 1.46% (chromosome 3) (Table 6).

Diploidy and other abnormalities per chromosome

The mean frequency of diploidy per chromosome ranged 
from 0.19 to 0.51% (Table 3), although no significant dif-
ference was observed in the frequency of diploidy among 
chromosomes (p = 0.551) (Table 3 and Fig. 2). Since few 
sperm cells are polyploid (e.g., triploid or tetraploid), fre-
quencies per chromosome could not be analyzed due to 
insufficient statistical power. However, these instances were 
reflected in the frequency of total numerical abnormalities 
per chromosome, which was determined by summing the 
frequencies of nullisomy, disomy, diploidy, and others. 
The mean frequency of total numerical abnormalities per 
chromosome ranged from 0.59% (chromosome 7) to 1.21% 
(chromosome 2) (Table 3); however, there was no significant 
difference in these frequencies between different chromo-
somes (p = 0.263) (Table 3 and Fig. 2). The upper bounds of 
95% confidence interval for the frequency of total numerical 

Table 2   Distribution of numerical chromosome abnormalities in ten donors

Donor no Haploidy Nullisomy Disomy Diploidy Triploidy Tetraploidy Trisomy Multiple aneuploidy Sum

1 25,192 (99.39%) 67 (0.26%) 41 (0.16%) 43 (0.17%) 2 (0.01%) 0 (0.00%) 0 (0.00%) 2 (0.01%) 25,347
2 24,584 (99.28%) 67 (0.27%) 35 (0.14%) 71 (0.29%) 3 (0.01%) 1 (0.00%) 0 (0.00%) 1 (0.00%) 24,762
3 24,233 (98.80%) 102 (0.42%) 44 (0.18%) 142 (0.58%) 0 (0.00%) 1 (0.00%) 0 (0.00%) 5 (0.02%) 24,527
4 24,104 (99.01%) 78 (0.32%) 47 (0.19%) 112 (0.46%) 0 (0.00%) 1 (0.00%) 0 (0.00%) 3 (0.01%) 24,345
5 24,833 (99.09%) 157 (0.63%) 34 (0.14%) 37 (0.15%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 25,061
6 25,246 (98.89%) 71 (0.28%) 70 (0.27%) 131 (0.51%) 4 (0.02%) 2 (0.01%) 1 (0.00%) 4 (0.02%) 25,529
7 24,757 (99.06%) 62 (0.25%) 29 (0.12%) 135 (0.54%) 2 (0.01%) 0 (0.00%) 1 (0.00%) 5 (0.02%) 24,991
8 24,650 (99.13%) 115 (0.46%) 26 (0.10%) 75 (0.30%) 0 (0.00%) 1 (0.00%) 0 (0.00%) 0 (0.00%) 24,867
9 24,895 (99.33%) 34 (0.14%) 41 (0.16%) 84 (0.34%) 2 (0.01%) 2 (0.01%) 0 (0.00%) 4 (0.02%) 25,062
10 24,164 (99.36%) 65 (0.27%) 26 (0.11%) 64 (0.26%) 0 (0.00%) 0 (0.00%) 1 (0.00%) 0 (0.00%) 24,320
Sum 246,658 (99.13%) 818 (0.33%) 393 (0.16%) 894 (0.36%) 13 (0.01%) 8 (0.00%) 3 (0.00%) 24 (0.01%) 248,811

1891Journal of Assisted Reproduction and Genetics (2022) 39:1887–1900



1 3

Ta
bl

e 
3  

T
he

 fr
eq

ue
nc

y 
of

 n
ul

lis
om

y,
 d

is
om

y,
 d

ip
lo

id
y,

 a
ne

up
lo

id
y,

 a
nd

 c
hr

om
os

om
al

 n
um

er
ic

al
 a

bn
or

m
al

iti
es

 p
er

 c
hr

om
os

om
e

*  Th
e 

fr
eq

ue
nc

ie
s 

pe
r c

hr
om

os
om

e 
w

er
e 

ca
lc

ul
at

ed
 a

s 
fo

llo
w

s:
 n

ul
lis

om
y,

 d
iv

id
in

g 
th

e 
nu

m
be

r o
f n

ul
lis

om
ic

 s
pe

rm
 c

el
ls

 b
y 

th
e 

to
ta

l n
um

be
r o

f s
pe

rm
 c

el
ls

 c
ou

nt
ed

 in
 a

ll 
do

no
rs

 fo
r a

 p
ar

tic
ul

ar
 

ch
ro

m
os

om
e;

 d
is

om
y,

 d
iv

id
in

g 
th

e 
nu

m
be

r o
f d

is
om

ic
 s

pe
rm

 c
el

ls
 b

y 
th

e 
to

ta
l n

um
be

r o
f s

pe
rm

 c
el

ls
 c

ou
nt

ed
 in

 a
ll 

do
no

rs
 fo

r a
 p

ar
tic

ul
ar

 c
hr

om
os

om
e;

 d
ip

lo
id

y 
an

d 
ot

he
rs

, d
iv

id
in

g 
th

e 
nu

m
-

be
r o

f t
ot

al
 d

ip
lo

id
 sp

er
m

 c
el

ls
 o

r “
ot

he
rs

” 
ce

lls
 b

y 
th

e 
to

ta
l n

um
be

r o
f s

pe
rm

 c
el

ls
 c

ou
nt

ed
 in

 a
ll 

do
no

rs
 fo

r a
 p

ar
tic

ul
ar

 c
hr

om
os

om
e

**
 Th

e 
fr

eq
ue

nc
y 

of
 a

ne
up

lo
id

y 
pe

r c
hr

om
os

om
e 

w
as

 c
al

cu
la

te
d 

by
 su

m
m

in
g 

th
e 

fr
eq

ue
nc

ie
s o

f n
ul

lis
om

y 
an

d 
di

so
m

y 
pe

r c
hr

om
os

om
e

**
*  Th

e 
fr

eq
ue

nc
y 

of
 to

ta
l n

um
er

ic
al

 a
bn

or
m

al
ity

 p
er

 c
hr

om
os

om
e 

w
as

 c
al

cu
la

te
d 

by
 su

m
m

in
g 

th
e 

fr
eq

ue
nc

ie
s o

f a
ne

up
lo

id
y,

 d
ip

lo
id

y,
 a

nd
 o

th
er

s p
er

 c
hr

om
os

om
e

(a
–c

) 
D

iff
er

en
t s

ub
gr

ou
ps

 r
es

ul
te

d 
fro

m
 S

tu
de

nt
–N

ew
m

an
–K

eu
ls

 p
os

t-h
oc

 te
st 

co
m

pa
rin

g 
th

e 
fr

eq
ue

nc
y 

am
on

g 
ch

ro
m

os
om

es
. C

hr
om

os
om

es
 w

ith
 n

o 
si

gn
ifi

ca
nt

 d
iff

er
en

ce
 in

 th
e 

fr
eq

ue
nc

y 
(p

 >
 0.

05
) w

er
e 

cl
as

si
fie

d 
in

to
 th

e 
sa

m
e 

su
bg

ro
up

, a
nd

 c
hr

om
os

om
es

 w
ith

 a
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
 in

 th
e 

fr
eq

ue
nc

y 
(p

 <
 0.

05
) w

er
e 

cl
as

si
fie

d 
in

to
 d

iff
er

en
t s

ub
gr

ou
ps

Ty
pe

 o
f a

bn
or

m
al

ity
C

hr
om

os
om

e

1
2

3
4

5
6

7
8

9
10

11
12

13
14

N
ul

lis
om

y*
0.

48
a,

b
0.

60
a,

b
0.

80
b

0.
15

a
0.

21
a

0.
48

a,
b

0.
23

a
0.

36
a,

b
0.

28
a

0.
42

a,
b

0.
29

a
0.

19
a

0.
17

a
0.

36
a,

b

D
is

om
y*

0.
09

a,
b,

c
0.

15
a,

b,
c

0.
08

a,
b,

c
0.

29
b,

c
0.

16
a,

b,
c

0.
09

a,
b,

c
0.

05
a

0.
10

a,
b,

c
0.

11
a,

b,
c

0.
08

a,
b,

c
0.

07
a,

b
0.

12
a,

b,
c

0.
21

a,
b,

c
0.

22
a,

b,
c

D
ip

lo
id

y*
0.

32
0.

45
0.

19
0.

27
0.

49
0.

41
0.

29
0.

26
0.

33
0.

35
0.

24
0.

33
0.

40
0.

35
O

th
er

s*
0.

01
a,

b
0.

01
a,

b
0.

01
a,

b
0.

01
a,

b
0.

08
b,

c
0.

03
a,

b
0.

03
a,

b
0.

01
a,

b
0.

00
a

0.
01

a,
b

0.
02

a,
b

0.
00

a
0.

02
a,

b
0.

10
c

A
ne

up
lo

id
y*

*
0.

57
a,

b
0.

75
a,

b
0.

89
b

0.
44

a,
b

0.
37

a,
b

0.
57

a,
b

0.
28

a,
b

0.
46

a,
b

0.
39

a,
b

0.
50

a,
b

0.
37

a,
b

0.
31

a,
b

0.
38

a,
b

0.
58

a,
b

To
ta

l n
um

er
ic

al
 a

bn
or

m
al

ity
**

*
0.

90
1.

21
1.

09
0.

72
0.

95
1.

00
0.

59
0.

73
0.

72
0.

86
0.

63
0.

65
0.

80
1.

03

Ty
pe

 o
f a

bn
or

m
al

ity
C

hr
om

os
om

e
p-

va
lu

e

15
16

17
18

19
20

21
22

Se
x 

to
ta

l
M

ea
n

SD
X

X
X

Y
Y

Y

N
ul

lis
om

y*
0.

28
a

0.
09

a
0.

32
a,

b
0.

54
a,

b
0.

23
a

0.
27

a
0.

39
a,

b
0.

12
a

0.
34

a,
b

0.
33

0.
16

0.
00

0
D

is
om

y*
0.

08
a,

b,
c

0.
09

a,
b,

c
0.

19
a,

b,
c

0.
09

a,
b,

c
0.

21
a,

b,
c

0.
21

a,
b,

c
0.

30
b,

c
0.

32
c

0.
31

c
0.

16
0.

08
0.

06
0.

21
0.

04
0.

00
0

D
ip

lo
id

y*
0.

43
0.

47
0.

40
0.

26
0.

51
0.

31
0.

44
0.

45
0.

30
0.

36
0.

09
0.

55
1

O
th

er
s*

0.
00

a
0.

04
a,

b
0.

01
a,

b
0.

00
a

0.
07

a,
b,

c
0.

00
a

0.
01

a,
b

0.
02

a,
b

0.
02

a,
b

0.
02

0.
03

0.
00

0
A

ne
up

lo
id

y*
*

0.
36

a,
b

0.
19

a
0.

51
a,

b
0.

63
a,

b
0.

45
a,

b
0.

48
a,

b
0.

70
a,

b
0.

44
a,

b
0.

65
a,

b
0.

49
0.

16
0.

01
5

To
ta

l n
um

er
ic

al
 a

bn
or

m
al

ity
**

*
0.

80
0.

69
0.

92
0.

89
1.

03
0.

80
1.

14
0.

90
0.

97
0.

87
0.

16
0.

26
3

1892 Journal of Assisted Reproduction and Genetics (2022) 39:1887–1900



1 3

abnormality per chromosome ranged from 0.84% (chromo-
some 7) to 1.68% (chromosome 3) (Table 6).

Mean aneuploidy rate per donor

The mean frequencies of nullisomy, disomy, diploidy, and 
aneuploidy per donor were calculated by averaging the 
respective frequencies in autosomes 1 through 22 and the 
sex chromosomes for each donor. The mean nullisomy, 
disomy, diploidy, and aneuploidy frequencies per donor 
were 0.33% ± 0.13%, 0.16% ± 0.05%, 0.36% ± 0.15%, and 
0.49% ± 0.13%, respectively (Table 4). The mean nulli-
somy frequency of donor 9 was significantly lower than 
that of donors 8 and 5 (p < 0.05), and the mean nullisomy 
frequency of donor 5 was significantly higher than that 
of donors 1, 2, 4, 6, 7, and 10 (p < 0.05) (Table 4 and 
Fig. 3). The mean disomy frequency of donor 6 was sig-
nificantly higher than that of donors 2, 5, 7, 8, and 10 
(p < 0.05), and the mean diploidy frequencies of donors 
1, 5, and 10 were significantly lower than that of donors 
3, 4, 6, and 7 (p < 0.05) (Table 4 and Fig. 3). Further-
more, the mean diploidy frequency of donors 2, 8, and 
9 was significantly lower than that of donors 3, 6, and 7 
(p < 0.05), and the mean aneuploidy frequency of donor 

5 was significantly higher than that of donors 1, 2, 7, 9, 
and 10 (p < 0.05) (Table 4 and Fig. 3). Overall, donor 5 
had the highest mean frequency of nullisomy and aneu-
ploidy and the lowest mean frequency of diploidy among 
donors, whereas donor 6 had the highest mean frequency 
of disomy (Table 4 and Fig. 3).

Total aneuploidy rate per donor

The total frequencies of nullisomy, disomy, and ane-
uploidy per donor were calculated by adding the frequen-
cies of nullisomy, disomy, and aneuploidy for autosomes 1 
through 22 and the sex chromosomes for each donor. The 
total frequencies of nullisomy, disomy, and aneuploidy 
were 7.62 ± 3.06%, 3.63 ± 1.12%, and 11.25 ± 3.05%, 
respectively (Table 5 and Fig. 4). The incidence of dip-
loidy and “others” was calculated by dividing the number 
of diploid or “others” sperm cells by the total number 
of sperm cells counted for each donor with an average 
frequency of 0.36 ± 0.15% and 0.02 ± 0.01% per donor, 
respectively (Table 5 and Fig. 4). The total numerical 
abnormality per donor was calculated according to the 
sum of diploidy, aneuploidy, and “other” frequencies, 

Fig. 2   Frequencies of nullisomy, disomy, diploidy, and aneuploidy 
per chromosome. Bar plot of frequencies per chromosome in nor-
mozoospermic donors. a Nullisomy per chromosome. b Disomy per 
chromosome. c Diploidy per chromosome. d Aneuploidy per chromo-

some. *p < 0.05 (the Student–Newman–Keuls post-hoc test was used 
to calculate the test statistic for all pairwise comparisons of 23 chro-
mosomes to determine whether the frequencies between each pair of 
chromosomes were significantly different)
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resulting in an average frequency of total numerical abnor-
mality per donor of 11.63 ± 3.03% (Table 5 and Fig. 4).

Discussion

Although many FISH studies have reported on sperm 
aneuploidy frequency, not all chromosomes and abnor-
mal types have been investigated in the normal population 
in a single study. Results obtained using the strategy for 
assessing 23 chromosomes and all types of abnormalities 
can provide valuable information regarding aneuploidy. 
Therefore, the aim of the present study was to obtain ane-
uploidy frequency of every chromosome with the most 
abnormalities, thereby revealing the aneuploidy frequency 
that most closely approaching to the true value behind the 
ten normozoospermic males.

The dominant chromosomal numerical abnormali-
ties in normozoospermic men were disomy, nullisomy, 
and diploidy. Among the published data, disomy was 
the most extensively studied abnormality, particu-
larly for chromosomes 13, 18, 21, and XY because of 
the relative high incidence of trisomy in live births 
for these five chromosomes. When compiling control 
donor data from 49 sperm FISH studies (Supplemental 
Table 5), the mean disomy frequencies for 13, 18, 21, 
and the sex chromosomes were 0.15%, 0.14%, 0.22%, 
and 0.41% (XX-0.11%; XY-0.20%; YY-0.12%), respec-
tively, which was similar to the results obtained in this 
study 0.21%, 0.09%, 0.30%, and 0.31% (XX-0.06%; 
XY-0.21%; YY-0.04%) (Table  3 and Supplemental 
Table 5). Moreover, the mean frequencies of disomy for 
the other 19 chromosomes ranged from 0.08 to 0.25% 
in complied data, which were similar to that of the pre-
sent study with a range of 0.05 to 0.32% (Table 3 and 
Supplemental Table 5).

The diploidy frequency has also been extensively 
studied, with a mean frequency of 0.22 ± 0.14% for each 
hybridization probe set (Supplemental Table 5) in the 
compiled data, similar to 0.36±0.09% in the present study 
(Table 3 and Supplemental Table 5).

Although not as widely studied as that of disomy 
and diploidy, the frequency of nullisomy has also 
been reported in the normal population [19–34]. Upon 
reviewing 16 sperm FISH studies reporting nullisomy 
(Supplemental Table 6), the mean frequencies of nul-
lisomy for chromosomes 13, 18, 21, and sex chromo-
somes were 0.51%, 0.18%, 0.31%, and 0.43% (Supple-
mental Table 6). Compared with the results of 0.17%, 
0.54%, 0.39%, and 0.34% in this study, the incidence 
of nullisomy for chromosome 21 and the sex chro-
mosomes was similar to, whereas, the incidence of 
nullisomy 13 was slightly higher, and the incidence Ta
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of nullisomy 18 was slightly lower than that of the 
present study (Table 4 and Supplement Table 6). Nul-
lisomy for the other 19 chromosomes was relatively 
less reported. Among the 16 studies, an average of 2 
studies reported the nullisomy frequencies for other 15 
chromosomes 1–2, 4, 6–12, 15–17, 19, and 22 (range: 
0.02–1.32%), while no studies reported nullisomy fre-
quencies for the other 4 chromosomes 3, 5, 14, and 
20 (Supplemental Table 6). The mean frequencies of 
nullisomy for chromosomes 1, 2, 4, 6, 7, 9, 11, 15, 17, 
and 19 in compiled data were close to or within two- to 
three-fold the present study (Table 4 and Supplemental 
Table 6). Nevertheless, the mean frequencies of nul-
lisomy for chromosomes 8, 10, and 12 (0.02%, 0.05%, 
and 0.06%) in the compiled data were much lower than 
0.36%, 0.42%, and 0.19% in the present study. And 
the mean frequencies of nullisomy for chromosomes 

16 and 22 (0.73% and 1.32%) in the compiled data 
were much higher than 0.09% and 0.12% in the present 
study (Table 4 and Supplemental Table 6). Moreover, 
the average incidence of nullisomy per chromosome 
was twice as high as that of disomy (Table 3). Bell 
et  al. simultaneously studied the genomes of thou-
sands of individual sperm using Sperm-seq, in which 
the authors observed 2.4-fold more chromosome losses 
than gains (554 losses vs. 233 gains) [35].

Based on the disomy and nullisomy frequencies per 
chromosome (Table 3), the frequency of aneuploidy (nul-
lisomy + disomy) per chromosome was obtained in the pre-
sent study (Table 3). The mean frequencies of aneuploidy 
for chromosomes 4, 6, 7, 8, 9, 10, 11, 12, 13, 17, 18, 21, 
and XY in four normal control donors reported by M.G. 
Pang et al. [29] ranged from 0.20 to 0.43%, which was 
similar to 0.28–0.70% in this study (Table 3). In addition, 

Fig. 3   Mean frequencies of nullisomy, disomy, diploidy, and ane-
uploidy per donor. Bar plot of the mean frequency per donor. a Nul-
lisomy per donor. b Disomy per donor. c Diploidy per donor. d Ane-
uploidy per donor. *p < 0.05 (the Student–Newman–Keuls post-hoc 

test was used to calculate the test statistic for all pairwise compari-
sons of ten donors to determine whether the frequencies between each 
pair of donors were significantly different.)
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Tang et al. [32] reported similar aneuploidy frequencies 
for chromosomes 13, 21, and sex chromosome to this study 
(0.52%, 0.50%, and 0.86% vs. 0.38%, 0.70%, and 0.65%, 
respectively), whereas, aneuploidy 18 reported by them 
(0.13%) was much lower than 0.63% in the present study 
(Table 3).

The total disomy, nullisomy, and aneuploidy (nul-
lisomy + disomy) for each donor were obtained in this 
study based on the disomy and nullisomy frequencies for 
all chromosomes and donors (Supplemental Tables 3 and 
4). Neusser et al. [36] reported disomy frequencies of 23 
chromosomes for three normal controls and their total dis-
omy frequencies summing up 23 chromosomes were 2.10%, 
3.94%, and 3.36%, which was similar to 3.63 ± 1.12% of the 
present study (Table 5).

The total aneuploidy was proposed to be estimated by 
formulae either the sum of disomy and nullisomy fre-
quency, twice the disomy frequency, or twice the nul-
lisomy frequency [29]. However, in case that the disomy 
and nullisomy frequencies differ much, the results calcu-
lated by these formulae would not be similar and the total 
aneuploidy could not be estimated reliably. Templado 
et al. [17] obtained a total disomy rate of 2.26% for the 
normal population by summing the disomy frequencies 
of 18 chromosomes (1–4, 6–9, 12–13, 15–6, 18, 20–22, 
and sex chromosome) compiled in 30 studies, which 
was similar to that of 2.69% in the present study for 
the same 18 chromosomes. In the absence of nullisomy 

frequencies for the corresponding chromosomes, Tem-
plado et al. [17] estimated the total aneuploidy as 4.5% 
by doubling the total disomy frequency (2 × 2.26% of 
disomy frequency). By doubling the disomy frequencies 
of the same 18 chromosomes, we obtained the total ane-
uploidy as 5.38% similar to Templado’s estimate. Alter-
natively, by summing disomy and nullisomy frequencies 
of the same 18 chromosomes, we obtained the total ane-
uploidy as 8.46%, which was nearly twice the Templado’s 
estimate. Thus, the total aneuploidy frequency may be 
most appropriately estimated by the sum of disomy and 
nullisomy frequency, as the incidence of aneuploidy 
tends to variate not only between chromosomes but also 
between different types of abnormality.

Moreover, the mean frequency of total numerical 
abnormality (nullisomy + disomy + diploidy + others) 
per donor was 11.63 ± 3.03% (range: 7.31 to 18.02%) 
in the present study (Table  5). To the best of our 
knowledge, this is the first FISH study reporting the 
frequency of total numerical abnormality referring to 
23 chromosomes and most abnormalities. Our results 
added to a limited body of evidence, although more 
data are needed to validate the frequency and range of 
variation for the total numerical abnormality reported 
in the present study.

Many studies have investigated the frequency of numeri-
cal abnormalities in the sperm of infertile males. Those with 
poor semen parameters, including reduced sperm count, 

Table 5   The total frequencies 
of nullisomy, disomy, 
diploidy, others, aneuploidy, 
and chromosomal numerical 
abnormality per donor

* The total frequencies per donor were calculated as follows: nullisomy, summing the frequencies of nul-
lisomy from autosomes 1–22 and 2 sex chromosomes for a particular donor; disomy, summing the frequen-
cies of disomy from autosomes 1–22 and 2 sex chromosomes for a particular donor; diploidy and others, 
dividing the total number of diploid or “others” sperm cells from 22 rounds of FISH tests by the total num-
ber of sperm cells counted for a particular donor
** The total frequency of aneuploidy per donor was calculated by summing the frequencies of nulli-
somy and disomy per donor
*** The total frequency of numerical abnormality per donor was calculated by summing the frequencies of 
aneuploidy, diploidy, and others per donor

Donor no Nullisomy* (%) Disomy* (%) Diploidy* (%) Others* (%) Aneu-
ploidy** 
(%)

Total numerical 
abnormality*** 
(%)

1 6.08 3.82 0.17 0.02 9.90 10.09
2 6.27 3.18 0.29 0.03 9.45 9.77
3 9.58 4.01 0.58 0.02 13.59 14.19
4 7.32 4.45 0.46 0.02 11.77 12.25
5 14.73 3.14 0.15 0.00 17.87 18.02
6 6.45 6.37 0.51 0.04 12.82 13.37
7 5.71 2.70 0.54 0.03 8.41 8.98
8 10.57 2.41 0.30 0.01 12.98 13.29
9 3.18 3.76 0.34 0.03 6.94 7.31
10 6.29 2.50 0.26 0.01 8.79 9.06
Mean 7.62 3.63 0.36 0.02 11.25 11.63
SD 3.06 1.12 0.15 0.01 3.05 3.03
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motility, and morphology reportedly have an increased rate 
of chromosome abnormalities in their gametes [37–39]. 
Moreover, the male partners in couples with recurrent mis-
carriages of unknown etiology [40] or repeated implantation 
failure after ICSI and IVF [41, 42], as well as the fathers of 
patients with Turner syndrome or Down syndrome [43, 44] 
also have an elevated rate of aneuploidy in their sperma-
tozoa. Therefore, it is helpful for clinical consultation and 
diagnosis to screen at-risk population with high incidence 
of aneuploidy.

Observing whether an individual’s aneuploidy rate 
exceeds a confidence interval threshold for a normal 
fertile group is considered to be a method of screen-
ing individuals at risk of aneuploidy [19]. Specifically, 
according to the statement of the 95% confidence inter-
val, any aneuploidy rate above the upper band will have 
a 95% probability of being significantly different from 
the normal fertile group, which might be indicated as 
“at-risk” for producing more aneuploid spermatozoa. 
García-Mengual et  al. [19] reported that the upper 
bound of 95% confidence interval for disomy 1 was 
0.11%, 2 (0.14%), 9 (0.09%), 13 (0.21%), 15 (0.68%), 
16 (0.57%), 17 (0.24%), 18 (0.26%), 19 (0.62%), 21 
(0.22%), 22 (0.35%), and XY (0.40%). Most of their 
upper bounds were close to that of the present study 
(Table  6), except that the upper bounds of disomy 
15 and 16 exceeded that of the present study (0.14% 
and 0.13%) (Table 6). The upper bounds of nullisomy 
reported by García-Mengual et al. ranged from 0.25 to 
1.91%. Their nullisomy bounds were generally higher 
than that of the present study, especially for nullisomy 
16 (1.91%) and 22 (1.67%) being ten and eight times 
that of the present study (0.18% and 0.21%) (Table 6). 
It is worth noting that FISH results could vary between 
different studies due to different conditions such as the 
FISH protocols, probe strategies, microscopes, techni-
cians, number of cells and donors analyzed, and probe 
type selected for assessing each chromosome. Thus, a 
reliable screening of high-risk groups is based on the 
comparison of one person’s aneuploidy rates to the 
upper bounds, in which the person’s aneuploidy rates 
must be obtained by using the same methods described 
in studies reporting the corresponding upper bounds.

In summary, we successfully evaluated the sperm ane-
uploidy for 23 chromosomes in ten normozoospermic males. 
One limitation of this study is the small number of donors. 
Although approximately 22,000 sperm cells from each donor 
were assessed, the total number of donors was small. There-
fore, the identification of inter-individual variation requires 
analysis on a larger number of normozoospermic donors to 
obtain robust statistical power. Nonetheless, our data could 
assist in comprehensive understanding the chromosome ane-
uploidy frequency in normozoospermic males.Ta
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