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Abstract

Purpose Fluorescence in situ hybridization (FISH) in spermatozoa provides an estimate of the frequency of chromosomal
abnormalities, but there is not a clinical consensus on how to statistically analyze sperm FISH results. We therefore propose a
statistical approach to establish sperm aneuploidy thresholds in a fertile population.

Methods We have determined the distribution and variation of the frequency of nullisomy, disomy, and diploidy for a set of 13
chromosomes (1, 2, 9, 13, 15, 16, 17, 18, 19, 21, 22, X, and Y) in sperm nuclei from 14 fertile men by means of automatized
FISH. The dispersion of data has been analyzed by the non-parametric Wilcoxon Rank Sum test. We have established the
threshold values for each chromosome and aneuploidy type on the basis of the confidence interval values (99.9%).

Results Nullisomy thresholds ranged from 0.49% for chromosome 19 to 3.09% for chromosome 22; disomy thresholds ranged
from 0.30% for chromosome 21 to 1.47% for chromosome 15; diploidy thresholds ranged from 0.24% for the 9/19 chromosome
set to 1.21% for the 13/21 chromosome set.

Conclusions Applying this approach with clinical purposes will enable us to categorize the patient as altered or normal regarding
his sperm aneuploidy. Any result surpassing the cited threshold values indicates a 99.9% probability of being significantly
different from fertile controls.

Keywords Human sperm aneuploidy - Fertile donors - Automatized analysis - Fluorescence in situ hybridization (FISH) -
Aneuploidy thresholds - Nullisomy - Disomy - Diploidy

Introduction Insofar as germ cells are concerned, it is well established that

sperm aneuploidy is strongly correlated with embryo aneuploi-

Aneuploidy is the main cause of early pregnancy loss, cognitive
impairment, developmental disorders, and infertility in humans.
An estimated 10-30% of fertilized human eggs have the
“wrong” number of chromosomes, most being either trisomic
or monosomic [1]. It has been proposed that embryo aneuploidy
can originate at two possible levels: at germ cell (due to meiotic
errors) and post-zygotic level (due to mitotic missegregation) [2].

P4 Elena Garcia-Mengual
clena.garcia@sistemasgenomicos.com

Reproductive Genetics Unit, Sistemas Genomicos S.L, Ronda G.
Marconi 6, Parque Tecnologico, 46980 Paterna, Valencia, Spain

Bioinformatics Department, Sistemas Genomicos S.L, Ronda G.
Marconi 6, Parque Tecnologico, 46980 Paterna, Valencia, Spain

3 CREA, Assisted Reproduction Medical Center, Carrer de Sant Marti
4, 46003 Valencia, Spain

dy [3, 4]. Over the last two decades, a close correlation between
male infertility/subfertility and sperm aneuploidy has been de-
scribed [5-9]. It has been widely reported that infertile males
produce gametes showing a higher rate of chromosomal abnor-
malities than those of the general population [10]. Specifically,
aneuploidy and diploidy frequencies have been directly related
to a reduction in the number and progressive motility of sperm
[11-13], high levels of FSH [13], and previous IVF failures in
normozoospermic patients [14], as reviewed in [7]. An in-
creased sperm aneuploidy rate has also been registered in pa-
tients with severe teratozoospermia and is particularly high in
macrocephalic spermatozoa [15-18]. Furthermore, it has been
reported that some patients with normal semen parameters may
also produce higher sperm aneuploidy levels which could be
associated with recurrent pregnancy lost (RPL) [19].
Moreover, various studies confirm that the incidence of
sperm aneuploidy increases proportionally with male factor
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severity, as reviewed in [20]. This fact indicates that, in par-
ticular cases, the paternal contribution to aneuploidy may be
more relevant than that suggested by general data on products
of conception and live births [21-24]. This is particularly rel-
evant in cases of assisted reproductive techniques (ART), such
as intracytoplasmic sperm injection (ICSI), which have im-
proved the chances of achieving pregnancy, even among pa-
tients with severe seminal anomalies [25, 26].

During meiosis, there are two mechanisms that can cause
chromosome segregation errors: non-disjunction and anaphase
lag. Non-disjunction is considered the main mechanism leading
to aneuploidy in sperm [27, 28], and includes chromosome
gains and losses, and the production of nullisomic (22 chromo-
somes) and disomic (24 chromosomes) gametes. On the other
hand, anaphase lag produces only nullisomic sperm.

In summary, several male factor conditions could be related
with embryo lethality or reproductive inefficacy. However, a
clear clinical correlation is pending. Thus, at this moment, we
can identify certain patients who may benefit from sperm an-
euploidy screening as carriers of chromosome aberrations,
severe oligoasthenoteratozoospermia (OAT), non-obstructive
azoospermia (NOA), severe teratozoospermia, and unex-
plained RPL or recurrent implantation failure (RIF).

In this scenario, in order to estimate the risk of embryo
aneuploidy in a given sperm sample, the assessment of aneu-
ploidy frequencies by means of fluorescence in situ hybridi-
zation (FISH) has been proposed as a prognostic indicator
prior to ART.

Nevertheless, the study of sperm aneuploidy with clinical
purposes involves certain drawbacks to routine implementa-
tion: (i) a large number of single sperm nuclei are required to
reach statistical significance. Due to the low incidence of
sperm aneuploidy, scoring a large quantity of nuclei for anal-
ysis is essential in order to achieve the statistical power needed
for accurate quantification. In recent years, automated or semi-
automated scoring of sperm multicolor FISH approaches has
been compared to manual scoring and has been validated for
routine practice in couples consulting for infertility problems
[29-35]. In this sense, automated systems can automatically
analyze a large number of sperm cells per sample, thus making
the sperm-FISH technique more accessible. (ii) In addition to
disomy, nullisomy and diploidy rates should also be properly
assessed and reported in order to obtain an accurate as possible
aneuploidy profile. (iii) The more chromosomes tested, the
more accurate the test should be. Routinely, at the clinical
level, only a few chromosomes are studied. It is typically
stated that FISH studies in sperm should include five chromo-
somes, usually those implicated in aneuploidies that are com-
patible with survival, namely, autosomal trisomies (13, Patau
syndrome; 18, Edwards’s syndrome; 21, Down syndrome)
and sex chromosome aneuploidies, including X chromosome
monosomy (the only monosomy viable in humans). Very few
laboratories offer to study additional chromosomes (usually
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chromosomes 15, 16, 17, and 22, which are related to male
infertility and implantation failure), thus providing a seven- or
nine-chromosome test. (iv) Finally, one of the most critical
unresolved points remains which is the threshold at which
sperm aneuploidy is clinically significant. Once sperm aneu-
ploidy frequencies from infertile/subfertile male have been
assessed, they must be compared with a fertile control group.
However, there is not yet a consensus on how a single sample
data should be statistically treated versus baseline values in
order to determine its normality or abnormality regarding the
fertile population. This is the reason why we propose a statis-
tical setup to achieve this comparison allowing each laborato-
ry to generate its own dynamic system of thresholds from
baseline values. It is also important to highlight that published
aneuploidy baseline values should be used with caution to
establish control thresholds, since analytical workflows are
not normalized (e.g., different sperm-head decondensation
protocols, several chromosomal combinations of probes sets,
differences in probe design for a specific chromosome, inter/
intra-observer subjectivity in manual systems). In 2004,
Tempest and Griffin [8] reviewed the literature focussing on
the frequency and distribution of sperm disomy. They already
stated that it is difficult, if not impossible, to compare results
of the different papers because the analyzed population of
males is so heterogencous. Moreover, there are differences
related to scoring criteria and systems, FISH protocol, demo-
graphics, and statistical approaches. Therefore, it is always
recommendable that each laboratory establishes its own aneu-
ploidy baseline values in fertile controls.

The increases in sperm abnormalities, despite being signif-
icant, are usually moderate; however, they are enough to affect
the fertile potential of patients. Sperm FISH study constitutes
a cytogenetic tool to classify patients according to risk—i.e.,
those showing a greater incidence of chromosomal abnormal-
ities than those exhibiting baseline values according to the
control population—and should be interpreted as an indica-
tion of Preimplantation Genetic Test for aneuploidy (PGT-A).

Objective

The aim of our work is to propose a statistical approach based
on strict criteria to state statistical differences between a sam-
ple from an infertile/subfertile male and the fertile population.
To this end, we first describe the distribution of chromosome-
specific sperm aneuploidy rates for a set of 13 chromosomes
(1,2,9,13,15,16, 17, 18, 19,21, 22, X, and Y) in 14 fertile
men. This set includes not only the chromosomes convention-
ally analyzed by FISH (13, 15, 16, 17, 18, 21, 22, X, and Y)
but also the subset of chromosomes 1, 2, 9, and 19. More than
4000 spermatozoa per probe set are analyzed. In addition, an
accurate estimation of disomy, nullisomy, and diploidy rates is
provided using an automatized scan platform. This allows the
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description of an accurate aneuploidy baseline for the fertile
population.

Secondly, we propose to state an aneuploidy threshold fol-
lowing statistical criteria based on confidence intervals per
chromosome and the type of numerical abnormality
(nullisomy, disomy, or diploidy) associated, which represents
of the main novelties of this work.

Materials and methods
Donor recruitment

Fourteen healthy fertile sperm donors were recruited from
CREA Reproductive Medicine Centre’s donor sperm bank
program in Valencia (Spain). They were all Caucasian, and
all of them met the inclusion criteria established by Spanish’s
regulations governing sperm banks. In brief, they had previ-
ously fathered at least one child and they had no history of
chemotherapy, radiotherapy, or chronic illness. They were all
normozoospermic according to World Health Organization
(WHO) guidelines [36], with normal karyotype and normal
values in serologic tests. They all underwent blood tests to
screen for Thalassemia, Von Willerbrand, hypercholesterol-
emia, and diabetes. Sexually transmitted infections were ruled
out (STT’s such as HIV, HBV, HCV, syphilis; measles, toxo-
plasma, Cytomegalovirus, and herpes were screened in blood
samples, and Chlamydia and Neisseria gonorrhoeae were
screened in urine). Urine samples also had to prove free of
traces of designer drugs. All the subjects declared themselves
to be non-smokers and to not consume alcohol regularly. A
sperm culture was then obtained in order to rule out infection.
Dynamic DNA fragmentation and active caspase 3 assess-
ment by Terminal deoxynucleotidyl transferase dUTP nick
end labelling (TUNEL) assay were performed. Varicocele
was also ruled out.

An informed consent was signed by all the donors partici-
pating in this study. The study was approved by the
Institutional Research Ethics Committee.

Sample collection

Donor semen samples were obtained by masturbation after 2—
3 days of sexual abstinence. Once routine sperm parameters
were assessed, semen samples were frozen following a slow
protocol with liquid nitrogen vapors using TYB with Glycerol
(Irvine Scientific, USA) as cryoprotectants. Then, samples
were stored in high security CBS canisters (Cryo Bio
System, France) in liquid nitrogen (— 196 °C). At the moment
of the study, semen samples were thawed by 15-20 min at
room temperature, washed in Sperm Washing Medium G-
MOPS Plus (Vitrolife, Sweden) (1800 rpm x 10"), and fixed.

Sample fixation

The samples were washed twice (1800 rpm x 10") in
phosphate-buffered saline (PBS; Gibco; Life Technologies,
Madrid, Spain) with 0.1% polyvinyl alcohol (PVA; Sigma-
Aldrich, Madrid, Spain), fixed in Carnoy’s solution (metha-
nol/acetic acid, 3:1; Merck, Madrid, Spain), spread onto sev-
eral slides, and air-dried. Afterwards, the slides were washed
twice in 0.5 M NaOH (Panreac, Barcelona, Spain) solution for
4 min each, then in 2x SSC (Gibco, Life Technologies) for
10 min, and subsequently dehydrated in an ethanol series
(70%, 90%, and 100%) for 1 min each and air-dried for sperm
membrane permeabilization and nuclei decondensation.

Fluorescence in situ hybridization

Molecular cytogenetic analysis was performed on 13 chromo-
somes: 1, 2, 9, 13, 15, 16, 17, 18, 19, 21, 22, X, and Y.
Centromeric DNA probes for chromosomes 1, 2, 9, 15, 16,
17, 18, 19, 21, X, and Y and locus-specific probes for chro-
mosomes 13 and 22 were combined in six different sets as
follows (fluorophore colors in brackets: S, Spectrum; G,
green; O, orange; A, aqua): (i) chromosomes 13[SG]/
21[SO], (i) 18[SAYX[SG)/Y[SO], (iii) 15[SOV17[SG], (iv)
16[SA)/22[SG], (v) 1[SG]/2[SO], and (vi) 9[SG]/19[SA].
Probes for chromosomes 13, 21, 18, X, and Y were supplied
by Metasystems, Aneuscore-Metasystems kit (IZASA,
Barcelona Spain) and probes for chromosomes 2, 9, 15, 16,
17, and 22 by Vysis (Abbott Laboratories, IL, USA). The
probe for chromosome 1 was supplied by Cytocell
(Cytocell, Cambridge, UK), and the probe for chromosome
19 was supplied by Agilent (Agillent Technologies, Santa
Clara, CA, USA). The corresponding probe mix was added
to each slide containing a previously decondensed and perme-
abilized sperm sample. Afterwards, slides were denatured
(74 °C for 3 min) and hybridized (37 °C for 4 h) using the
Thermobrite Slide Processing System (Abbott Laboratories).
Post-hybridization washes were performed to remove any un-
bound DNA probe, according to the manufacturer’s instruc-
tions. Finally, slides were counterstained with 4,6-diamidino-
2-phenylindole (DAPI-II; Abbott Laboratories).

Aneuploidy and diploidy assessment

FISH analysis was carried out using an automated system.
Scanning, relocation, capture, and fluorescence analysis were
performed using an Imager Z2 fluorescence microscope
(Zeiss; IZASA, Barcelona Spain) connected to a Metafer-
Metacyte® system (Metasystems International; IZASA,
Barcelona Spain). The functionality of the software for eval-
uating sperm nuclei has previously been validated [29]. The
MetaCyte imaging software package is based on a flexible cell
classifier system that can be calibrated by the user. An
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0.06 (+0.04) for chromosome 9, to 0.43 (£0.27) for chromo-
some 19. Interestingly, the normalized standard distribution
range was lower in disomy (from 0.04 to 0.42%) than in
nullisomy (from 0.13 to 0.80%). Table 3 shows diploidy rates
per chromosome set and per donor analyzed. In this case, the
mean rate of diploidy ranged from 0.14 (+ 0.08) (for the 9/19
chromosome set) to 0.44 (+0.30) (for the 13/21 chromosome
set). Moreover, the proportion of X-bearing (50.2%) and Y-
bearing (49.8%) sperm calculated was not significantly differ-
ent from the 1:1 ratio (P value=0.4631; Wilcoxon signed
rank test).

Box plot diagrams were employed to assess the distribu-
tional characteristics and dispersion of the percentage of ab-
normalities per chromosome. Figure 1 shows the distribution
of nullisomy, disomy, and diploidy scores per chromosome. In
relation to nullisomy, it is important to note the high dispersion
of data in an average range per chromosome and the intra-
chromosomal variability. The shape of the box plot corre-
sponding to chromosome 16 shows the greatest dispersion,
evidencing high variability in this chromosome. Attention
should be drawn to the fact that nullisomy data for non-
commonly studied chromosomes (i.e., chromosomes 1, 2, 9,
16, and 22) were highly consistent in terms of dispersion.
Chromosomes 21 and 19, on the other hand, showed lower
variability. In relation to disomy, the average varied among
chromosomes, while the data showed a more stable

Table 3  Diploidy rates per chromosome set in 14 fertile donors
Diploidy*
Chromosome set 12 9/19 1321 1517 16/22 18/X/Y
Donor Nuclei analyzed
A 18,992 0.03 0.09 039 027 020 024
B 19,021 036 024 121 076 096 1.17
C 19,588 0.10 0.03 029 0.12 0.12 035
D 20,856 036 023 090 043 033 040
E 20,415 0.14 0.17 032 038 0.16 0.53
F 18,961 042 0.06 034 023 0.11 025
G 20,063 0.00 0.03 020 027 0.12 026
H 19,289 035 0.09 059 059 034 0.63
I 18,796 024 0.06 036 028 0.56 045
J 17,157 034 020 050 048 047 054
K 19,779 034 020 056 063 033 0.60
L 22,681 028 024 026 025 0.10 0.25
M 22,742 0.10 0.12 0.09 000 0.17 0.10
N 23,150 024 022 021 006 022 0.11
Total 281,490
Mean 20,106.43 024 0.14 044 034 030 042
SD 1725.14 0.14 0.08 030 022 024 027

*No. of diploid nuclei/analyzed nuclei x 100
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distribution than for nullisomy. Chromosomes 15, 16, and
19 displayed a greater level of dispersion. On the other hand,
the distribution of diploidy was stable among the different
chromosome sets. Figure 2 represents mean rates of
nullisomy, disomy, and diploidy per chromosome and chro-
mosome set, respectively.

Sperm aneuploidy and diploidy thresholds

The analysis of nullisomy, disomy, and diploidy data shows
the data dispersion and allows thresholds to be established for
each chromosome and abnormality type in order to determine
their clinical relevance. The non-parametric Wilcoxon Rank
Sum test was applied in order to determine the lower and
upper threshold of the average distribution considering three
confidence intervals (CI), 90%, 95%, and 99.9% (a=0.10,
a=0.05, «=0.01). Table 4 shows the upper limits of the
analysis per chromosome and abnormality type (nullisomy,
disomy, and diploidy) with different CIs. Selecting a confi-
dence interval of 99.9% implies that any aneuploidy result
obtained that surpasses the threshold values stated will have
a 99.9% probability of being classified as significantly differ-
ent to the fertile control group. In short, nullisomy thresholds
range from 0.49% for chromosome 19 to 3.09% for chromo-
some 22; disomy thresholds range from 0.30% for chromo-
some 21 to 1.47% for chromosome 15; and diploidy thresh-
olds range from 0.24% for the 9/19 chromosome set to 1.21%
for the 13/21 chromosome set (Fig. 3).

Discussion

According to several reports [6, 37—40], our FISH results indicate
different incidences of aneuploidy for each chromosome and also
for aneuploidy and ploidy type (nullisomy or disomy and diploi-
dy). While it is recognized that all chromosomes are predisposed
to non-disjunction, certain chromosomes are more prone to dis-
play an increased frequency of non-disjunction. The mechanisms
proposed for the prevalence of certain aneuploidies include the
presence and/or variants of nucleolar organizer regions (NORs),
presence and/or variants of heterochromatin, altered frequencies
of recombination, differences in size, and non-homologous
pairing of sex chromosomes in males [41]. Therefore, it seems
logical to establish a particular threshold for each chromosome
and aneuploidy type (nullisomy and disomy). In the same way,
diploidy thresholds must be specifically assessed for each chro-
mosome set. In this sense, a total aneuploidy threshold for all the
chromosomes studied should be established with caution, since it
could mask the abnormality observed for single chromosomes.
Disomy and nullisomy are a result of mal-segregation dur-
ing meiosis. However, nullisomy is not always assessed by
laboratories when applying aneuploidy FISH study, claiming
that it can be confused with hybridization errors. In this sense,



J Assist Reprod Genet (2019) 36:371-381

377

<7 a Nullisomy

25

20

ok o

DQBBB+QQ%5++

T T T

0.5

1 2 9 13 15 16 17 18 19 21 22 XY
<
o
Y Diploidy
g
o
<o ]
o

1.5

1.0

)
[}
I

}

112 919 1321 1517 16/22 18/X1Y

b Disomy

25
1

20

1.5

1.0

D:i
I
ﬂ]
[I]
H 1)
[ﬂ
HJ-
-

0.0

1 2 9 13 15 16 17 18 19 21 22 XY

Fig. 1 Box plot of aneuploidy frequencies per chromosome in fertile donors. a Nullisomy and b disomy frequencies per chromosome. ¢ Diploidy

frequencies per chromosome set

simultaneous scoring of two fluorochromes in the same nu-
cleus provides an internal control to differentiate nullisomy
from failure hybridization. The assessment of nullisomy in-
volves ensuring that each nucleus is checked one by one, at
least three times, once for each fluorochrome. The use of
automated systems allows to superimpose images captured
with different fluorescence filters avoiding manual counting
errors. This assures that nullisomy is scored as the lack of a
signal in the presence of another signal in the same nucleus.
This also ensures that there is no failure in decondensation and
permeabilization process nor in hybridization. Regarding
nullisomy values, our results reveal higher rates of nullisomy
(ranging from 0.16 to 1.42%) than those of disomy (ranging
from 0.07 to 0.43%) for most of the chromosomes tested. This
is true for all the chromosomes studied, except for chromo-
somes 19 and 21, which showed higher rates of disomy than
nullisomy (0.19 and 0.16 versus 0.43 and 0.17% respectively).
Meiosis is a highly regulated process, and errors in any of the

steps involved activate meiotic checkpoints. A direct conse-
quence of the activation of checkpoints is a decrease in the
number of cells between the beginning and the end of sper-
matogenesis (reviewed in [42]). Thus, a higher prevalence of
nullisomy over disomy in sperm is attributable to more effec-
tive checkpoint mechanisms against disomy than against
nullisomy during spermatogenesis. Moreover, it has previous-
ly been suggested that differences in the incidence of aneu-
ploidy between spermatozoa and oocytes are not due to dif-
ferences in chromosome segregation errors, but rather to more
effective checkpoint mechanisms during spermatogenesis
than during oogenesis [1, 28]. In accordance with our results,
Pellestor reported a significant excess of hypohaploidy over
hyperhaploidy in spermatic karyotypes [40]. Pang and co-
workers also reported an excess of nullisomy over disomy
and proposed that equal frequencies would only be expected
if all forms of aneuploidy arose through non-disjunction [39].
However, the excess of nullisomy over disomy might be
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explained by the fact that nullisomy also arises from the loss of ~ frequency of nullisomy can be equal to or greater than that of
chromosomes after a delay in anaphase. Considering that the  disomy, it is important to highlight the relevance of assessing

Table 4  Upper values of the confidence interval computed per chromosome and per abnormality type in fertile donors. Results for different o levels
0.1, 0.05, and 0.01 are displayed

Chromosome 1 2 9 13 15 16 17 18 19 21 22 XY
Nullisomy (%) a=0.01 1.88 1.44 1.07 1.56 2.54 271 1.89 1.04 0.49 0.50 3.09 1.73
a=0.05 0.87 0.88 0.84 091 1.30 191 0.84 0.56 0.26 0.25 1.67 1.08

a=0.10 0.82 0.82 0.81 0.86 1.20 1.79 0.76 0.52 0.25 0.21 1.57 1.05

Disomy (%) a=0.01 0.32 0.45 0.14 0.53 1.47 1.10 0.42 0.49 0.95 0.30 0.83 0.67
a=0.05 0.11 0.14 0.09 0.21 0.68 0.57 0.24 0.26 0.62 0.22 0.35 0.40

a=0.10 0.10 0.13 0.09 0.18 0.64 0.52 0.21 0.26 0.58 0.21 0.31 0.39

Chromosome set 12 9/19 13/21 15/17 16/22 18/X/Y
Diploidy (%) a=0.01 0.42 0.24 1.21 0.76 0.96 1.17
a=0.05 0.34 0.20 0.61 0.46 0.40 0.54
a=0.10 0.32 0.19 0.58 0.44 0.37 0.53
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Fig. 3 Diploidy mean rates and thresholds per chromosome set

nullisomy and not only disomy when testing for aneuploidies in
spermatthe clinical level. It mustbe taken into account that sperm
nullisomy leads to embryo monosomy and that monosomies are
more deleterious for embryo development than trisomies. This
harmful effect manifests itself as spontaneous abortions, infertil-
ity, or sterility. In 2004, Munné and co-workers [43] observed a
significant excess of monosomies over trisomies when assessing
cleavage stage aneuploidy, disproving the previously assumed
1:1 ratio. Monosomies mostly affected acrocentric chromosomes
suggesting that they are more prone to non-disjunction mecha-
nisms. In 2012, Rabinowitz and co-workers [44] corroborated
these results. Moreover, they stated that monosomies were of
paternal well as maternal origin, with paternal monosomies for
chromosomes 1,2, 4, 8, 16, 19, 21, and 22 being more frequent.

These results, together with the differences observed be-
tween the chromosomes we have tested for incidence and
dispersion of aneuploidy, stress the need to define which chro-
mosomes need to be studied. Obviously, increasing the num-
ber of chromosomes studied will make testing more accurate.
According to our results, some chromosomes that are not rou-
tinely included in sperm aneuploidy tests at the clinical level
show a nullisomy or disomy frequency similar to that of chro-
mosomes routinely included in the said tests. This is particu-
larly true for nullisomy frequency in chromosomes 19 and 21,
and for disomy frequency in chromosomes 2 and 13, for ex-
ample (Fig. 1). Furthermore, aneuploidy data dispersion helps
us to determine which chromosomes are more stable regard-
ing aneuploidy and which chromosomes present higher vari-
ability. Our results (Fig. 1) show that disomy and diploidy are
more stable variants (since they show less dispersion) than
nullisomy. On the other hand, disomy for chromosomes 15,
16, 19, 22, X, and Y and nullisomy for chromosomes 16, 22,
X, and Y show higher values and greater dispersion at the
fertile population baseline level.

As far as we know, our aneuploidy study includes the larg-
est chromosome series analyzed by means of automatized
FISH. Templado and co-workers surveyed prior studies from

1995 to 2010 covering percentages of disomy per chromo-
some in sperm from normal men [45]. Only multicolor FISH
studies with a minimum of five donors and strict scoring
criteria were included, and none of the studies reviewed in-
cluded chromosome 17 or 19. Despite this, the weighted mean
values of disomy reported [45] are in line with our results. In
terms of diploidy, our results show a quite balanced distribu-
tion among chromosomes exhibiting a more stable behavior,
as expected. Thus, if diploidy is detected in a given pair of
chromosomes, we can assume there is diploidy in the rest of
the chromosome complement. The differences observed in the
whole could be due to the study of different spermatozoa for
each pair of chromosomes. Taking all this into account, an
accurate sperm aneuploidy test for clinical purposes should
include more chromosomes (other than the five that are rou-
tinely tested) and nullisomy assessment. Moreover, variability
in the frequencies of meiotic chromosome abnormalities
among fertile men has also been described [46—49]. The exis-
tence of normal fertile men with increased non-disjunction in
the general population makes it advisable to study an in-
creased number of individuals in order to minimize the effect
of potential outlier rates of sperm chromosome numerical ab-
normalities [48]. In this sense, the statistical approach we pro-
pose to determine threshold values can and should be updated
regularly by adding new fertile donor aneuploidy data in order
to increase the fitness and accuracy of the test.

The statistical approaches routinely used to detect differ-
ences between two groups when the population is normally
distributed are variance analysis tests, a ¢ test or ANOVA; this
would be the case if our two groups had a similar n. However,
when we want to determine sperm aneuploidy in the sperm
sample of an individual patient, we cannot assume our popu-
lation is normally distributed. Indeed, what we are comparing
is one individual (patient) to one control group (fertile men).
For this reason, as an alternative to a ¢ test or ANOVA, we
propose a Wilcoxon non-parametric test and a confidence in-
terval in order to determine aneuploidy threshold values. In
this way, we obtain an accurate probability, which allows a
prognostic result. At this point, by selecting a CI of 99.9%,
any aneuploidy data surpassing any threshold value stated for
said CI will have a 99.9% probability of being significantly
different from the fertile control group, thus classifying it as
altered. These aneuploidy threshold values constitute an aneu-
ploidy distribution model in a fertile population, making it
possible to compare patients with the control group.
Furthermore, we can then assume that any patient surpassing
any sperm aneuploidy threshold value is at risk of generating
more aneuploidy gametes than fertile counterparts.

One of the limitations of this study is that the number of
controls was low. In fact, an accurate power analysis based on
Gaussian distribution establishes that the minimum sample
size required to ascertain the maximum reliability to set a
threshold will depend on chromosome and aneuploidy type,
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because each aneuploidy type has its own deviation for each
chromosome. However, this kind of design is out of the scope
of this initial work. In this sense, it is important to highlight the
importance of adding new control data in order to increase the
fitness and accuracy of the test when categorizing infertile
men into normal or altered regarding sperm aneuploidy.
However, as a preliminary study, its relevance lies in the fact
that it proposes a novel statistical approach—based on strict
criteria—to statistically stress differences between an infertile/
subfertile male and the fertile population.

The application of this tool in infertile/subfertile men could
help us to deepen the etiological knowledge of reproductive
male impairment. In this sense, the reproductive male failure
is an extremely complex trait that includes overlapping phe-
notypes. This circumstance complicates the study of its bio-
logical basis. For this reason, it is important to note the rele-
vance of collecting semen parameters and accurate clinical
data along with sperm aneuploidy levels. Thus, the establish-
ment of accurate correlations between aneuploidy level and
clinical traits could help to improve reproductive genetic
counselling in male factor.

Conclusion

We have determined the distribution and variation in frequen-
cy of aneuploidy (nullisomy, disomy) and diploidy for a set of
13 chromosomes (1, 2,9, 13, 15,16, 17,18, 19, 21,22, X, and
Y) in sperm nuclei from 14 fertile men. We also suggest a new
statistical approach to address aneuploidy results obtained by
FISH based on the establishment of chromosome and aneu-
ploidy type thresholds, in order to categorize the patient as
altered or normal regarding his sperm aneuploidy. As far as
we know, this is the first study to propose upper CI values
(99.9%) of nullisomy, disomy, and diploidy frequencies ob-
tained from fertile men as thresholds. This statistical approach
also allows the determination of a unique criterion to statisti-
cally stress differences between a sample from one infertile/
subfertile male and those of the fertile population that goes
beyond a cutoff point. Applying this approach with clinical
purposes will enable us to categorize the patient as altered or
normal regarding his sperm aneuploidy. Any result surpassing
the cited threshold values indicates a 99.9% probability of
being significantly different from fertile controls. We are
aware that the number of controls studied in this case is lim-
ited; however, this is offset by one of advantages of our ap-
proach, which is that these threshold values can be updated
regularly by adding new data for fertile men, with the goal of
increasing the fitness and accuracy of the test and the subse-
quent categorization of infertile men as normal or altered,
regarding sperm aneuploidy. Also, since analytical workflows
between laboratories are not normalized, we want to empha-
size the necessity for individual laboratories to determine their

@ Springer

own sperm aneuploidy thresholds according to their own an-
euploidy baseline values from control population and their
own FISH protocol. In this sense, our proposal constitutes a
tool for each laboratory to setup aneuploidy thresholds from
baseline values according to their conditions. Finally, to gain a
better understanding of the clinical significance of increased
sperm aneuploidy, prospective sperm aneuploidy studies must
be performed. These further studies will require more case and
control subjects, in order to ascertain specific sperm dysfunc-
tions, which are the prevalent cause of ancuploidy.
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