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study question: Is there an association between human sperm sex chromosome disomy and sperm DNA damage?

summaryanswer: An increase in human sperm XY disomy was associated with higher comet extent; however, there was no other con-
sistent association of sex chromosome disomies with DNA damage.

what is known already: There is limited published research on the association between sex chromosome disomy and sperm DNA
damage and the findings are not consistent across studies.

study design, size, and duration: We conducted a cross-sectional study of 190 men (25% ever smoker, 75% never smoker) from
subfertile couples presenting at the Massachusetts General Hospital Fertility Clinic from January 2000 to May 2003.

participants/materials, setting, methods: Multiprobe fluorescence in situ hybridization for chromosomes X, Y and 18 was
used todetermineXX,YY, XYand total sex chromosomedisomy in spermnuclei usingan automatedscoring method.Theneutral cometassay was
used to measure sperm DNA damage, as reflected by comet extent, percentage DNA in thecomet tail, and tail distributed moment. Univariate and
multiple linear regression models were constructed with sex chromosome disomy (separate models for each of the four disomic conditions) as the
independent variable, and DNA damage parameters (separate models for each measure of DNA damage) as the dependent variable.

main results and the role of chance: Men with current or past smoking history had significantly greater comet extent (mm:
regression coefficients with 95% CI) [XX18: 15.17 (1.98, 28.36); YY18: 14.68 (1.50, 27.86); XY18: 15.41 (2.37, 28.45); Total Sex Chromosome
Disomy: 15.23 (2.09, 28.38)], and tail distributed moment [XX18: 3.01 (0.30, 5.72); YY18: 2.95 (0.24, 5.67); XY18: 3.04 (0.36, 5.72); Total Sex
Chromosome Disomy: 3.10 (0.31, 5.71)] than men who had never smoked. In regression models adjusted for age and smoking, there was a positive
association between XY disomy and comet extent. For an increase in XY disomy from 0.56 to 1.47% (representing the 25th to 75th percentile),
there was a mean increase of 5.08 mm in comet extent. No other statistically significant findings were observed.

limitations, reasons for caution: A potential limitation of this study is that it is cross-sectional. Cross-sectional analyses by
nature do not lend themselves to inference about directionality for any observed associations; therefore we cannot determine which variable is
the cause and which one is the effect. A small sample size may be a further limitation. Comparison of these findings to other studies is limited
due to methodological differences.

wider implications of the findings: Although consistent associations across sex chromosome disomies or DNA damage mea-
sures were not observed, this study highlights the need to explore etiologies of sperm DNA damage and sex chromosome disomy to better under-
stand the potential mechanistic overlaps between the two.
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ES 009718, ES 000002, and R01 ES017457. During the study M.E.M. was affiliated with the Department of Environmental Health at the Harvard
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Introduction
Spermatogenesis involves mitotic and meiotic divisions that differentiate
germ cells, transforming them from spermatogonia to mature spermato-
zoa. Recent research has shown that apoptosis might be the mechanism
responsible for tempering cell proliferation in the testes, as well as normal
spermatogenesis (Liu et al., 2004; Perrin et al., 2009). Double-stranded
DNA fragmentation occurs during apoptosis, and this DNA damage can
be assessed by the comet assay. The presence of DNA fragmentation in
ejaculated sperm has been well characterized, and is increased in infertile
men (Gandini et al., 2000; Shen et al., 2002; Moustafa et al., 2004). It is
unclear, however, whether numerical chromosomal abnormalities,
such as sex chromosome disomy, may also be associated with increased
DNA damage in sperm.

Sperm aneuploidy originates from segregation errors during the two
meiotic divisions of spermatogenesis. Exact causes of sperm aneuploidy
are unknown; however associations with potential genetic and environ-
mental risk factors have been explored, including exposures to pesti-
cides, chemotherapeutic agents, smoking and alcohol, although
findings are inconsistent (Hassold and Hunt, 2001). Immature spermato-
zoa have a 1.5- to 4-fold higher rate of chromosomal aneuploidy (X, Y
and 17) than mature spermatozoa (Kovanci et al., 2001), as well as
higher levels of DNA fragmentation (Ollero et al., 2001; Fernandez
et al., 2003). Several studies have shown associations between the per-
centages of aneuploid and apoptotic sperm (Carrell et al., 2003; Schmid
et al., 2003; Liu et al., 2004). Thus, it has been hypothesized that sperm
aneuploidy could trigger sperm DNA damage through an apoptotic
process (Muriel et al., 2007). Further, it has been proposed that mis-
segregated chromosomes may activate apoptosis (Dobles et al.,
2000), possibly through checkpoint pathways, as seen with other cell
types (Castedo et al., 2004), acting as a quality control mechanism
(Evan and Littlewood, 1998).

After meiosis, male germ cells are most susceptible to induction of
DNA lesions, including DNA strand breaks, DNA adducts and protam-
ine adducts, as shown in animal studies (Sega et al., 1989; Marchetti and
Wyrobek, 2005). The potential mechanisms of DNA damage in sperm-
atozoa include: (i) defective chromatin condensation during spermiogen-
esis due to unrepaired DNA breaks (McPherson and Longo, 1993;
Manicardi et al., 1995); (ii) initiation of apoptosis during spermatogenesis
(Gorczyca, et al., 1993; Sakkas, et al., 1999; Aitken and Koppers, 2010);
and (iii) oxidative stress by reactive oxygen species (Gagnon, 1997;
Aitken et al., 1998; Aitken and Krausz, 2001). It is unclear whether
these mechanisms of action work independently or together to induce
DNA damage. Sperm DNA damage has been shown to be induced by
radiotherapy and chemotherapy (Sakkas and Alvarez, 2010), and envir-
onmental and occupational toxicants (Xu et al., 2003). Increased sperm
DNA damage is correlated with impaired fertility, defective embryo
development, high rates of miscarriage and an increased risk of defects
in offspring (Aitken and De Iuliis, 2010).

A limited numberof studies have been published exploring the relation
between sex chromosome aneuploidy and DNA damage in human
sperm, and findings have been inconsistent. Among a group of men in
couples experiencing recurrent pregnancy loss, sperm DNA fragmenta-
tion assessed using the terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay was significantly correlated with
the percentage of aneuploidy in chromosomes X, Y, 13, 18 and 21
(Carrell et al., 2003). Using a modified sperm chromatin dispersion fluor-
escence in situ hybridization (SCD-FISH) assay, Muriel et al. (2007) found
an increase in sex chromosome disomy in sperm with fragmented DNA,
when compared with sperm without fragmented DNA. Based on these
findings, Muriel et al. (2007) hypothesized that sperm aneuploidy may
lead to an increase in sperm DNA damage as part of a genomic screening
mechanism to reduce the ability of defective sperm to successfully fertil-
ize an egg. Using the same combined SCD-FISH methodology, however,
Balasuriya et al. (2011) reported no significant associations between
DNA damage and aneuploidy; they also reported no significant associa-
tions between DNA fragmentation measured using the sperm chromatin
structure assay and aneuploidy assessed by FISH. When evaluating the
sperm samples of men belonging to couples experiencing recurrentpreg-
nancy loss or implantation failure, Bronet et al. (2012) found no associ-
ation between DNA fragmentation measured by the TUNEL assay
and aneuploidy determined by FISH in either fresh semen samples or
those processed for ICSI. In a recently published study, Enciso et al.
(2013) reported a significant association between DNA fragmentation
and total numerical abnormalities for chromosomes X, Y, 13, 16, 18,
21 and 22. Additionally, the Enciso et al. (2013) study replicated the
modified SCD-FISH assay used by Muriel et al. (2007) and found a signifi-
cantly higher frequency of disomy among sperm with higher levels of
DNA fragmentation. Three other studies have explored the relation-
ships between abnormal chromosomal karyotypes and sperm DNA
damage. Perrin et al. (2009) found that men with structural chromosomal
abnormalities (reciprocal translocations, Robertsonian translocations
and pericentric inversions) had higher rates of DNA fragmentation
than men without abnormal karyotypes. They concluded that DNA
fragmentation rates depend solely on the presence of structural chromo-
somal abnormalities. Brugnon et al. (2006) found that DNA fragmenta-
tion rates were significantly higher in men that were translocation carriers
compared with men who were not translocation carriers. Likewise,
Garcı́a-Peiró et al. (2012) observed statistically higher levels of DNA
damaged sperm in men with chromosomal rearrangements compared
with men with proven fertility.

The aim of this study was to investigate the relation between sex
chromosome disomy, using FISH, and DNA damage, assessed by the
neutral comet assay, to better understand whether men with increased
rates of sperm sex chromosome disomy have increased sperm DNA
damage. For human sperm, disomies in the sex chromosomes are
most common and, upon fertilization, can result in viable offspring with
mild to severe adverse health outcomes (Hassold and Hunt, 2001;
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Martin, 2008). Unlike autosomal aneuploidies, which are largely maternal
in origin, sex chromosome aneuploidies largely arise from segregation
errors during spermatogenesis (Martin, 2008). For these reasons, sex
chromosome disomy served as the aneuploidy outcome of interest in
this study.

Materials and Methods

Subjects
Study recruitment procedures have been described elsewhere (Hauser et al.,
2003). Briefly, a subset of male partners from couples seeking fertility evalu-
ation from the Massachusetts General Hospital (MGH) Fertility Center
between January 2000 and May 2003 who were enrolled in an ongoing
study assessing the impacts of environmental factors on fertility were partici-
pants in this study. Approximately 65% of eligible men agreed to participate in
the parent study. Exclusion criteria for the parent study included presenting
for post-vasectomy semen analysis, and/or receiving treatment for infertility
(i.e. hormonal treatments). Men were eligible for this sub-study if they had
sufficient semen sample for FISH analysis and data available on sperm
DNA damage parameters. Of the 341 eligible men, sufficient semen
sample was available for 192 (56%) and DNA damage analysis was available
for 190 of the 192. The parent study was approved by the Harvard School of
Public Health and MGH Human Subjects Committees. All subjects filled out a
medical history and lifestyle questionnaire and signed an informed consent
prior to participation.

Table I shows the demographic characteristics of the 190 study subjects.
Overall, the subjects had a mean (SD) age of 35.4 years (5.1). A majority
of the subjects were Caucasian (85%), with 3% African American, and 4%
Hispanic. Most men (75%) had never smoked, with 15 (8%) current
smokers, and 32 (17%) ex-smokers. Participants in this study did not differ
with respect to their demographic characteristics compared with those in
the full parent study cohort (n ¼ 341) (data not shown).

Semen analysis
Details of the sample collection, storage and semen analysis are available in
full elsewhere (Hauser et al., 2003). Briefly, a single semen sample was col-
lected from participants by masturbation after an abstinence period. Informa-
tion on abstinence time was collected from each participant. Semen samples
were liquefied for 20 min at 378C prior to andrology laboratory analysis.
Sperm concentration and motility were assessed using computer-aided
sperm analysis (CASA; version 10HTM-IVOS, Hamilton-Thorn, Beverly,
MA, USA). Percentage motile sperm was defined using World Health Organ-
ization (WHO, 2010) criteria for sperm velocity at 378C. Morphology was
assessed using the feathering method to create two thin smear slides per
sample that were stained with a Diff-Quik staining kit (Dade Behring AG,
Düdingen, Switzerland). Strict criteria from Kruger et al. (1988) were
applied to cells viewed under a Nikon microscope with an oil immersion
×100 objective (Nikon Company, Tokyo Japan). Sperm samples were con-
sidered to be ‘normal’ for a parameter when the measured parameter met or
exceeded the WHO reference values: concentration ≥15 million sperm per
milliliter, motility scores A + B ≥ 32% and morphology ≥4% normal
(WHO, 2010). After analysis of conventional semen parameters on fresh
samples, remaining unprocessed volumes of the semen samples were trans-
ferred to 250 ml capillary straws (Cryo Bio System, IMV Technologies, San
Diego, CA, USA) and frozen by immersion in liquid nitrogen (21968C)
(Duty et al., 2003). Prior work has demonstrated that freezing samples
without cryoprotectant in liquid nitrogen is a reliable method for storing
semen samples prior to the comet assay and produces results similar to
those with fresh semen samples (Duty et al., 2002).

Neutral comet assay
The single cell gel electrophoresis, or comet assay, was used to measure the
amount of DNA fragmentation in individual cells from the frozen samples. In
this assay, a cell with fragmented DNA has the appearance of a comet with a
brightly fluorescent head and a fluorescent tail. The intensity of the comet tail
relative to the head reflects the number of DNA strand breaks present in the
cell (Singh et al., 1988; Hughes et al., 1997; Singh and Stephens, 1998).

Methods used to conduct the neutral comet assay have been previously
described in detail (Trisini et al., 2004). Briefly, thawed semen samples
were prepared with 0.7% agarose and embedded between two additional
layers of agarose on specially designed glass slides (Erie Scientific, Ports-
mouth, NH, USA). The slides underwent an enzyme treatment to decon-
dense sperm chromatin and allow migration of broken DNA out of the
nucleus. Next, slides were electrophoresed, followed by precipitation of
the DNA and its fixation in microgels. Fluorescent comet patterns were
examined under ×400 magnification with a Leica fluorescence microscope
model DMLB (Leica, Wetzlar, Postfach, Germany) equipped with a fluoroi-
sothiocyanate filter combination (Leica, Wetzlar), and using excitation at
490 nm, dichromic 500 nm, emission 510 nm.

Image analysis
VisComet image analysis software was used to measure comet extent, per-
centage DNA in tail (%Tail) and tail distributed moment (TDM) on 100

........................................................................................

Table I Demographic characteristics fora subset of men
seeking fertility evaluation at the Massachusetts General
Hospital Fertility Clinic (n 5 190 patients).

Characteristic n (%) Mean (SD)

Age (years) 190 35.4 (5)

Race

White 161 (85)

African American 5 (3)

Hispanic 8 (4)

Other 16 (8)

Abstinence timea

≤2 days 41 (22)

3-4 days 88 (46)

≥5 days 60 (32)

Smoking statusa

Never smoker 141 (75)

Ever smoker 47 (25)

Current smoker 15 (8)

Ex-smoker 32 (17)

Semen parameters*

Concentration (106/ml)

,15 mil/ml 18 (10) 103.4 (87)

Motility (% motile)

,40% motile 42 (22) 52.5 (23)

Morphology (% normal sperm)

,4% normal morphology 35 (18) 7.4 (4)

aSmoking status missing for two men, abstinence data missing for one.
*Reference values are defined as abnormal according to the World Health
Organization (2010) guidelines.
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sperm in each semen sample. Cells too long to measure with VisComet
(.300 mm) were excluded from this analysis. Comet extent is a measure
of total comet length from the beginning of the head to the last visible pixel
in the tail. This measurement is similar to that obtained by manual analysis
using an eyepiece micrometer. %Tail is a measure of the proportion of the
total DNA that is present in the tail. The TDM is an integrated value that
takes into account both the distance and intensity of comet fragments. The
formula used to calculate the TDM is:

TDM =
∑

(I × X)
∑

I
,

where
∑

I ¼ sum of all intensity values that belong to the head, body or tail;
X ¼ x-position of intensity value.

FISH
A single laboratory technician (M.E.M.) performed FISH, imaging and nuclei
scoring analyses on all samples. The technician was blinded to DNA
damage outcomes while preparing and analyzing all samples. FISH was
carried out for chromosomes X, Y and 18 (autosomal control). Chromo-
some 18 was chosen as the autosomal control due to its low frequency of
disomy in human sperm (Hassold and Hunt, 2001) to help distinguish
between disomy, the outcome of interest in this study, and diploidy, which
was not assessed as an outcome. Although of clinical importance, nullisomies
were also not evaluated because of their rarity. Image processing and scoring
were performed using custom software developed in MATLABw (The Math-
works, Inc., Natick, MA, USA) using algorithms based on criteria described
by Baumgartner et al. (1999). The overall hybridization efficiency was 97%
and is consistent with the hybridization efficiency reported by other groups
(Martin et al., 1996; Johannisson et al., 2002; Tiido et al., 2005). These
methods have been previously described in detail (Perry et al., 2007, 2011).

Statistical analysis
We explored the relationship between sperm sex chromosome disomy
(XX18, YY18, XY18, total sex chromosome disomy) and sperm DNA
damage (mean comet extent, %Tail and TDM). First, univariate and multiple
linear regression models were constructed with sex chromosome disomy
(separate models for each of the four disomic conditions) as the independent
variable and DNA damage parameters (separate models for each DNA
damage measure) as the dependent outcome variable. Although %Tail was
not normally distributed, analyses conducted using log-transformed %Tail
yielded similar conclusions to those of untransformed %Tail; thus, only the
model results for the untransformed outcome are presented for ease of in-
terpretation.

The regressioncoefficients wereexpressed as achange in comet assaypar-
ameter per 0.1% change in disomy parameter. Potential confounders

considered in models included age (modeled as a continuous and categorical
variable); abstinence time (ordinal three-category variable: ≤2, 3–4, ≥5
days); and smoking status (never when compared with current or past
smoker). Inclusion of confounding variables in final models was based on a
change of at least 10% in the disomy measure. Although age (either continu-
ous or categorical) was not a significant predictor and did not alter the esti-
mated association with disomy measures, it was retained in the final
models based on a priori assumptions about its likely associations with
DNA damage and aneuploidy.

Additionally, we evaluated possible effect modification by semen quality to
determinewhether men with poor semen quality showed a different relation-
ship between sex chromosome disomy and DNA damage than men with
normal semen quality. Specifically, effect modification was examined in sep-
arate models for men with WHO-defined abnormalities in 1, 2 or all 3 semen
parameters (concentration, motility and morphology) compared with men
with normal values for all semen parameters, as well as for men with abnor-
mal semen concentration (,15 million/ml), motility (,40% motile) and
morphology (,4% normal) compared with men with all normal semen para-
meters.

Spearman correlation coefficients were used to quantify associations
among DNA damage parameters and between DNA damage and disomy
measures. Wilcoxon rank-sum tests were used to compare DNA damage
and disomy conditions by categorical variables, such as smoking status
(ever smoker versus never smoker) and abstinence time (≤2, 3–4, ≥5
days). Statistical Analysis Software (SAS) version 9.2 (SAS Institute, Inc.,
Cary, NC, USA) was used for all data analyses. Two-sided P-values ,0.05
were considered significant.

Results
The distribution of the three comet assay parameters is shown in Table II.
Figure 1 shows a sperm cell after undergoing the comet assay with the
comet tail visible. Comet extent ranged from 47.6 to 222.7 mm, with a
median of 123.8 mm; %Tail ranged from 9.9 to 64.4%, with a median
of 25.6%; and TDM ranged from 13.8 to 59.5 mm, with a median of
28.5 mm.

Figure 2 shows two sperm cells after FISH for chromosomes 18, X and
Y. A median (25th, 75th percentile) of 5895 (3248, 9960) sperm nuclei
were scored per subject in this study by sperm FISH. The observed
median percentages (25th, 75th percentile) of XX18, YY18, XY18 and
total sex chromosome disomy were 0.27 (0.16, 0.50), 0.30 (0.19,
0.46), 0.89 (0.56, 1.46) and 1.56 (1.10, 2.47), respectively (Table III).

As expected, there were moderate to strong correlations among
comet assay parameters. Comet extent was highly correlated with
TDM (r ¼ 0.89, P , 0.001), and moderately correlated with %Tail

...........................................................................................

.............................................................................................................................................................................................

Table II Distribution of comet assay parameters for a subset of men seeking fertility evaluation at the Massachusetts
General Hospital Fertility Clinic (n 5 190 patients).

Percentile

Comet assay parameter Minimum 10th 25th 50th 75th 90th Maximum Geometric mean

Comet extent (mm) 47.6 78.9 101.9 123.8 147.1 164.9 222.7 119.1

%Tail 9.9 16.2 19.9 25.6 40.1 48.1 64.4 27.4

TDM (mm) 13.8 20.2 24.1 28.5 32.1 36.8 59.5 27.7

VisComet image analysis software was used to measure comet extent, a measure of total comet length; %Tail: percentage DNA in tail, a measure of the proportion of total DNA present in
the comet tail, and TDM: tail distributed moment, an integrated measure of length and intensity.
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(r ¼ 0.41, P ¼ 0.05). The %Tail was weakly correlated with TDM (r ¼
0.10, P ¼ 0.17). None of the correlation coefficients for aneuploidy
and DNA damage measures were statistically significant.

Smoking was found to be the only significant predictor of DNA
damage measures in models adjusted for age. Men who had ever
smoked showed a significant increase in comet extent and TDM when
compared with those whom had never smoked, but not for %Tail.

Table IV presents the age and smoking adjusted regression coefficients
and 95% confidence intervals (CI) for linear regression models exploring
the relationships between sperm sex chromosome disomy and sperm
DNA damage parameters. Regression coefficients for age and previous
history of smoking are also presented. For each 0.1% increase in XY
disomy, the mean comet extent increased by 0.58 mm (95% CI: 0.01,
1.14), after adjusting for age and smoking status. For an interquartile
range change in percentage XY disomy (e.g. from 0.56 to 1.47%), the
mean comet extent increased by 5.08 mm. No other statistically signifi-
cant findings were observed between sex chromosome disomy and
DNA damage. Additionally, no effect modification by abnormal semen
parameters was detected.

Discussion
The question of whether sperm sex chromosome disomy is associated
with sperm DNA damage has not been adequately addressed previously,
and this is the largest study to date to examine the question using multi-
variate analyses. Only the relationship between XY disomy and mean
comet extent reached statistical significance in our regression model
adjusted for relevant covariates; we found that for each 0.1% increase
in XY disomy, mean comet extent increased by 0.58 mm. However,
we did not observe other statistically significant associations. There
may be other true associations, but a larger sample size may be
needed in order to better evaluate them statistically.

Endogenous or exogenous factors can impact both meiotic segrega-
tion and sperm DNA integrity. For example, oxidative stress has been
linked to DNA damage (Aitken and Krausz, 2001; Mahfouz et al.,
2010; Aktan et al., 2013) and diminished sperm parameters (Kao et al.,
2008; Benedetti et al., 2012). A number of exposures can induce oxida-
tive stress in the testis, including environmental chemicals, infection,
heavy metals, radiation and the spermatogenic process itself (Turner
and Lysiak, 2008). Additionally, markers of oxidative stress are asso-
ciated with disruptions in chromatin remodeling in human sperm (De
Iuliis et al., 2009; Henkel et al., 2010), a process that plays a role in the
prevention of DNA damage and aneuploidy (Papamichos-Chronakis
and Peterson, 2013). Correlations between DNA damage and aneu-
ploidy may be indicative of a suboptimal testicular environment (Mroz
et al., 1999) where spermatocytes undergoing various maturation pro-
cesses may be impacted differentially.

Of the few previously published studies on this topic, evidence for an
association has been mixed. Muriel et al. (2007) used the SCD test and
FISH to simultaneously assess DNA damage and reported a mean+
SD 5.9+ 3.5-fold increase in disomy rates in sperm with fragmented
DNA compared with sperm without fragmented DNA. Overall, they
found significant differences for XX, YY and XY disomy in sperm cells
with fragmented DNA compared with cells without fragmented DNA.
Enciso et al. (2013) replicated these findings in a study of 45 men under-
going assisted reproduction cycles. In contrast, Balasuriya et al. (2011)
reported no association between aneuploidy and DNA fragmentation
when using the combined SCD-FISH assay. They also reported no asso-
ciations when DNA fragmentation and aneuploidy were assessed separ-
ately using SCD and FISH analyses, respectively. Balasuriya et al. (2011)

Figure 2 Fluorescence in situ hybridization results for chromosomes
18, X and Y. Composite image (×63 magnification) of channels acquired
for each of the four signals: SpectrumAqua (18), SpectrumGreen (X),
SpectrumOrange (Y) and the nuclear stain. Cell A is a normal sperm
cell (X18). Cell B is a disomic sperm cell (XY18).

Figure 1 DNA fragmentation visualized by the comet assay. A single
sperm processed using the comet assay; ×400 magnification, excitation
490 nm, emission 510 nm. In the comet assay, fragmented DNA is
allowed to migrate out of the cell nucleus by means of enzymatic decon-
densation. After gel electrophoresis, a fluorescent dye is added that
allows for visualization of the DNA. The length of the comet tail and
the percentage of DNA found in the tail are measures of DNA fragmen-
tation.
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suggest that current DNA fragmentation methods, especially when com-
bined with FISH analysis, may not be reliable assays for determining DNA
fragmentation in sperm.

Other studies investigating this association relied on the TUNEL assay
to assess DNA fragmentation. Carrell et al. (2003) reported a significant
association between DNA damage and the percentage of aneuploid
sperm among men whose partners had recurrent pregnancy loss. Con-
versely, among a similar population of men whose partners were experi-
encing recurrent pregnancy loss or implantation failure, Bronet et al.
(2012) reported no association between DNA fragmentation and aneu-
ploidy in sperm.

The end-point measurement of the SCD test consists of determining
the percentage of sperm with non-dispersed or dispersed nuclei. The
presence or absence of very small halos determines DNA dispersion,
and therefore DNA fragmentation (Fernandez et al., 2003). DNA

fragmentation is caused by breaks in the DNA double helix. As reported
here, the end-points of the comet assay are %Tail, TDM and comet
extent. Although these two methods use different end-points, it has
been suggested that both provide an overall measure of DNA integrity,
allowing for potential comparisons (Baumgartner et al., 2009). Unlike the
comet assay, the modified SCD-FISH test uses the same sperm to
measure DNA fragmentation and aneuploidy. It may be the case that
within disomic sperm there are higher frequencies of DNA damage
because of increased apoptosis leading to increased DNA damage as
part of a genetic screening mechanism. Our methods did not allow for
measurement in the same sperm, and therefore, we measured comet
tails in a population with a large number of normal sperm. Further valid-
ation of the Muriel et al. (2007) and Enciso et al. (2013) findings is needed,
as well as an exploration of the potential apoptotic genetic screening
mechanism hypothesized as a possible explanation for their findings.

.............................................................................................................................................................................................

Table III Number of sperm nuclei scored and percentage disomy for a subset of men seeking fertility evaluation at the
Massachusetts General Hospital Fertility Clinic (n 5 190).

Sperm outcomes Mean+++++ (SD) Median (n) 25th percentile 75th percentile

Nuclei (n) 6961+ (4644) 5895 3248 9960

1818 0.13+ (0.24) 0.04 (2) 0.00 0.15

XX18 0.41+ (0.40) 0.27 (16) 0.16 0.50

YY18 0.38+ (0.33) 0.30 (18) 0.19 0.46

XY18 1.11+ (0.83) 0.89 (52) 0.56 1.46

Total disomya 1.90+ (1.26) 1.56 (92) 1.10 2.47

aTotal sex chromosome disomy ¼
∑

(XX18 + YY18 + XY18).

...............................................................................................................................

.............................................................................................................................................................................................

Table IV Linear regression coefficients (95% confidence intervals) for the relationship between DNA damage and sperm
sex chromosome disomy adjusted* for smoking status and age for 190 men seeking fertility evaluation at the Massachusetts
General Hospital Fertility Clinic.

DNA damage parameters from neutral comet assay

Disomy Comet extent (mm) %Tail TDM (mm)

XX18 20.15 (21.32, 1.01) 0.16 (20.31, 0.62) 20.06 (20.30, 0.18)

Age 0.41 (20.55, 1.38) 0.23 (20.15, 0.62) 0.08 (20.12, 0.28)

Smoker 15.17 (1.98, 28.36)** 2.21 (23.02, 7.44) 3.01 (0.30, 5.72)**

YY18 20.64 (22.07, 0.79) 20.06 (20.63, 0.51) 20.04 (20.33, 0.26)

Age 0.43 (20.53, 1.40) 0.24 (20.14, 0.62) 0.08 (20.12, 0.28)

Smoker 14.68 (1.50, 27.86)** 2.25 (22.99, 7.49) 2.95 (0.24, 5.67)**

XY18 0.58 (0.01, 1.14)** 0.07 (20.16, 0.29) 0.11 (20.01, 0.23)

Age 0.50 (20.46, 1.46) 0.25 (20.14, 0.63) 0.10 (20.10, 0.29)

Smoker 15.41 (2.37, 28.45)** 2.32 (22.91, 7.55) 3.04 (0.36, 5.72)**

Total sex chromosome disomya 0.19 (20.19, 0.57) 0.04 (20.11, 0.19) 0.04 (20.04, 0.12)

Age 0.43 (20.53, 1.40) 0.24 (20.14, 0.63) 0.08 (20.11, 0.28)

Smoker 15.23 (2.09, 28.38)** 2.31 (22.91, 7.54) 3.01 (0.31, 5.71)**

Regression coefficients: change in comet assay parameter per 0.1% change in disomy (XX18, YY18, XY18 and Total).
*Smoking status (never versus ever (past, present)), Age (continuous).
aTotal sex chromosome disomy ¼ XX18 + YY18 + XY18.
**P , 0.05
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These findings highlight uncertainty about whether DNA damage and
aneuploidy in sperm are causally linked or associated by a common
mechanism of damage. The current lack of standardized methods for de-
termining sperm DNA damage makes it difficult to compare across
studies and may lead to the use of DNA damage biomarkers that are
weak or invalid (Barratt et al., 2010). Continued work is needed to opti-
mize and thus standardize sperm DNA damage biomarkers and further
studies are needed to explore potential biological mechanisms to better
understand the relationship between sex chromosome disomy and
DNA damage.
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Garcı́a-Peiró A, Oliver-Bonet M, Navarro J, Abad C, Amengual MJ,
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