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BACKGROUND: The extent of sperm DNA fragmentation, which can be measured by the TUNEL assay, is one of
the determinants of male fertility. However, the clinical application of this test to in-vivo situations is difficult owing
to the absence of a statistically validated threshold value. METHODS: The aim of this study was to compare the
results of TUNEL assay applied to semen samples from men of proven fertility (n = 47) and patients from an infertile
population (n = 66), in order to establish a discriminating threshold value. RESULTS: Infertile patients had a higher
mean level of DNA fragmentation than men of proven fertility (40.9 ± 14.3% versus 13.1 ± 7.3%, respectively;
P < 0.001). The area under the receiver operating characteristics curve was 0.93 for 20% sperm DNA fragmentation.
The calculated threshold value for TUNEL assay to distinguish between fertile controls and infertile men was 20%.
At this threshold, specificity was 89.4 [95% confidence interval (CI) 83.7–95.1] and sensitivity was 96.9% (95% CI
93.8–100). The positive and negative predictive values of the 20% sperm DNA fragmentation threshold were high:
92.8% (95% CI 87.9–97.5) and 95.5% (95% CI 91.6–99.3), respectively. CONCLUSION: This study demonstrates
that sperm DNA fragmentation, as measured by TUNEL assay, is a highly valuable indicator of male fertility.
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Introduction

Disorders of the male reproductive system have become an
important public health issue as they can cause infertility,
miscarriages and abnormal outcomes in the offspring. It is
well recognized that spermatozoa from infertile men often
have multiple structural and functional defects (Mortimer
et al., 1986; Aitken et al., 1991; Liu and Baker, 1994). In
20% of infertile couples, the problem is predominantly male,
and in up to 40% of men with sperm abnormalities, no spe-
cific aetiological factor is found (de Kretser, 1997). In some
cases, these disorders may be consequences of environmental
or occupational exposure to chemical and/or physical agents
(Friedler, 1996).

The standard semen analysis, which includes sperm concen-
tration, motility and morphology, can be considered a ‘sensi-
tive’ biological marker of exposure to toxicants in the work
place (Wyrobek, 1993; Bigelow et al., 1998). However, the
predictive value of these measurements is difficult to ascertain
owing to their subjective nature and high intra- and interob-
server variability (Keel and Webster, 1990). Although these
analyses may describe important aspects of the functions of the
testis and sperm, they do not address the integrity of the
genetic material of the male gamete. In this regard, occupa-
tional and environmental exposure can lead to abnormal repro-
ductive outcomes by altering the male genome at the
chromosome or DNA level (Wyrobek, 1993).

Over the last two decades, rapid advances in reproductive
molecular biology have resulted in numerous techniques to
assess sperm chromatin quality and DNA fragmentation (for
reviews see Evenson et al., 2002; Agarwal and Said, 2003).
The chromatin of mature spermatozoa is highly condensed as a
result of the replacement of nucleosomal histones by interme-
diate proteins and protamines during spermiogenesis; final
nuclear maturation during transit in the epididymis, through
the formation of disulfide bonds, ensures further stabilization
(reviewed in Fuentes-Mascorro et al., 2000; Dadoune, 2003).
Packaging of sperm chromatin may also serve to reprogram the
paternal genome and set the appropriate genes to be expressed
in the early stages of embryo development (Braun, 2001).
Thus, a correct chromatin packaging level seems essential to
fully express the fertilizing capacity of sperm. Defects in
sperm chromatin structure can be associated with abnormal
nucleoprotein content and/or DNA strand breaks, and the
former can be evaluated using dye techniques such as Acridine
Orange or Chromomycin A3.

The degree of sperm DNA fragmentation reflects the integrity
of the genetic material of the gamete; this parameter is import-
ant since many types of DNA lesions induce mutations com-
monly observed in mutated oncogenes and tumour suppressor
genes (Marnett, 2000). Transmission of damaged DNA to the
offspring, particularly at levels that exceed the DNA repair
capacity of the oocyte, could have serious consequences
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(Ahmadi and Ng, 1999). The most commonly used techniques
to assess sperm DNA integrity are the TUNEL, Comet and
sperm chromatin structure (SCSA) assays. For these tests to be
clinically useful, threshold values for DNA fragmentation must
be set above which normal expression of the paternal genome,
and thus pregnancy, are compromised. In the context of
assisted reproductive technologies, two studies provided
information on the discriminating power of the TUNEL assay
to predict outcome. In IVF patients, Henkel et al. (2004)
reported a lower pregnancy rate of 19% when the percentage of
TUNEL-positive sperm was above the cut-off value of 36.5%,
calculated from receiver operating characteristics (ROC) curve
analysis, compared with 35% at or below this cut-off value.
For ICSI couples, a threshold value of 24.3% TUNEL-positive
sperm was calculated, cases with results above this value
tended to have a lower chance of pregnancy (Henkel et al.,
2003). Using a similar approach, Benchaib et al. (2003) found
that the results of TUNEL assay (high or low degree of frag-
mentation) were not related to IVF outcome in terms of preg-
nancy. In ICSI, the percentage of TUNEL-positive sperm in
cases of couples who obtained a pregnancy was lower than in
those who did not; however, no threshold value could be
arrived at, the area under the ROC curve being 0.5. It was
noted that no pregnancy occurred above 20% sperm DNA frag-
mentation. In these two studies, no statistically significant cor-
relation was found between TUNEL results and fertilization
rates, in both IVF and ICSI. Discordant views were reported in
the literature concerning such correlation with the TUNEL
assay, particularly in IVF programs (Sun et al., 1997; Lopes
et al., 1998; Host et al., 2000).

In comparison, a threshold value of 27% for the DNA frag-
mentation index (DFI) was initially established for the SCSA
in the context of IVF/ICSI (Larson-Cook et al., 2003). While
a revised value of 30% was later proposed (Virro et al.,
2004), the latter authors as well as others observed that IVF
and ICSI term pregnancies can often be obtained even with
semen samples presenting much higher DFI values (Bungum
et al., 2004; Gandini et al., 2004). As for the Comet assay,
indices of sperm DNA damage were found to be higher in
couples with poorer embryo quality in IVF (Tomsu et al.,
2002) and ICSI (Morris et al., 2002), but no discriminating
cut-off value was obtained.

In the context of natural conception, TUNEL assay with
microscopic evaluation indicates higher percentages of
sperm DNA fragmentation in infertility patients compared
with normozoospermic controls (Gandini et al., 2000).
Also, with microscopic evaluation, a study on intrauterine
insemination showed that none of the semen samples with
>12% sperm DNA fragmentation resulted in pregnancy
(Duran et al., 2002). With the SCSA, a percentage of sper-
matozoa with fragmented DNA of ≥30% was proposed as a
threshold not compatible with good fertility (Evenson et al.,
1999).

With respect to in-vivo situations, there is a lack of informa-
tion on the clinical value of the TUNEL assay in predicting
outcome in terms of pregnancy. The aim of this study was
therefore to set a discriminating threshold value by comparing

data on sperm DNA fragmentation, as measured by TUNEL
assay with flow cytometry assessment, in men of proven fertility
and men from couples consulting for infertility.

Materials and methods

Study participants

Semen samples (one per subject) were obtained from 66 men of an
unselected group of couples attending the Andrology Laboratory of
the Département d’Obstétrique-Gynécologie, CHUM – Hôpital Saint-
Luc, for the investigation of infertility. Their age ranged from 24 to 45
years, and they had a normal physical evaluation. All the couples of
this infertile group had a minimum of 2 years of regular unprotected
intercourse.

Men of proven fertility (n = 47; had recently fathered a child) were
either volunteers (n = 40) who supplied one semen samples for the
study, or regular semen donors (n = 7) in our donor insemination pro-
gram. Their age varied between 22 and 41 years. Informed consent for
participation was obtained, and the project was approved by the ethics
committee of the CHUM.

Sample collection and storage

Semen samples were collected by masturbation, after a period of
48–72 h of sexual abstinence, into sterile polypropylene containers
(Sarstedt, Montréal, Canada) at the Andrology Laboratory. Standard
clinical semen analysis was performed according to World Health
Organization (1999) criteria by a technician who was blinded to the
identity of the study subjects; all the semen samples used for analysis
had to contain motile sperm, with no significant leukocytospermia, as
per World Health Organization (1999) guidelines.

Spermatozoa from fresh semen (5 × 106 sperm) were separated
from seminal plasma by centrifugation (10 min at 600 g) at room tem-
perature. The pellets were then resuspended in 1 ml of Dulbecco’s
phosphate-buffered saline (PBS) (Gibco BRL, Life Technologies,
Grand Island, NY, USA) and fixed with 8 ml of 1% formaldehyde
(BDH Inc., Toronto, Canada) in PBS (pH 7.4) for at least 30 min at
room temperature. After centrifugation, the pellets were washed twice
and then stored in PBS at 4°C.

Measurement of DNA fragmentation by TUNEL assay

A detailed protocol for the TUNEL assay of human sperm has been
described previously (Sergerie et al., 2000). Briefly, after centrifuga-
tion (4 min at 5000 g), permeabilized, fixed sperm cells were resus-
pended in 100 μl of terminal deoxynucleotidyl transferase (TdT)
buffer containing single-strength 1 mol/l Na-cacodylate, 150 mmol/l
Tris (pH 7.4), 25 mmol/l CoCl2 and 0.1% Triton X-100 (Sigma Chem-
ical Co., St Louis, MO, USA). After re-centrifugation (4 min at 5000 g),
the TdT buffer was removed, and 50 μl of TdT buffer containing
3 μmol/l of biotin 16-deoxyuridine triphosphate (Roche Diagnostics,
Laval, Canada), 10 U of TdT (Roche Diagnostics) and 0.1% Triton X-
100 were added. Negative control sperm cells from each sample were
treated identically except for the omission of TdT. The sperm suspen-
sion was then incubated at 37°C for 60 min. After two washes with
TN buffer (30 mmol/l Tris, pH 7.4, 300 mmol/l NaCl), the permeabi-
lized, fixed spermatozoa were treated with 100 μl of staining AP
buffer (50 mmol/l Tris, pH 7.4, 150 mmol/l NaCl) containing 2%
streptavidin–fluorescein (FITC), followed by incubation at room tem-
perature in the dark for 45 min. The stained spermatozoa were washed
twice with AP buffer and resuspended in 1 ml of PBS containing
10 μg/ml propidium iodide (PI) (Sigma Chemical Co.) before ana-
lysis. The samples were stored at 4°C in the dark until analysis.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/20/12/3446/2913681 by U
.S. D

epartm
ent of Justice user on 17 August 2022



M.Sergerie et al.

3448

Flow cytometry measurements

Sperm DNA fragmentation and PI labelling were measured with a
FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA)
equipped with a 15 mW argon-ion laser for excitation. Flow during
analysis was controlled at ∼300 spermatozoa/s. Each analysis included
a minimum of 10 000 stained spermatozoa quantified simultaneously
by green and red fluorescence. Light scattering and fluorescence data
were obtained at a fixed gain setting in logarithmic mode. Green fluo-
rescence (from FITC) was detected in the FL1 sensor through a 550-nm
dichroic long-pass filter and a 525-nm band-pass filter, while red fluo-
rescence (from PI) was collected in the FL3 sensor through a 645-nm
dichroic long-pass filter and a 620-nm band-pass filter. Debris were
gated out by establishing a region around the population of interest on
the basis of PI characteristics of the selected sperm. These characteris-
tics were assessed in several assay-selected sperm samples before
starting the study (Sergerie M. and Bleau G., unpublished data). The
percentage of labelled sperm was determined by selecting a region
that excluded debris. Hence, all events out of this region were considered
positive; 10 000 events were collected. The spermatozoa gate was set
to permit slight sample-to-sample variations, taking into account the
light scattering properties of the asymmetrical sperm head.

TUNEL data analysis

TUNEL analysis was performed as described by Sailer et al. (1995).
TUNEL assay list mode files were converted to histogram files with
the 2150 Data Handler, transferred to a PC-compatible computer by
Multilink (Phoenix Flow Systems, San Diego, CA, USA), and ana-
lysed by Multi2D software (Phoenix Flow Systems). TUNEL assay
analysis consisted of subtracting control (no TdT enzyme) green fluo-
rescence histograms from TdT-positive green fluorescence histo-
grams, yielding the percentage of cells showing DNA strand breaks
(Figure 1). The number of cells analysed in both control and TdT-
positive green fluorescence histograms were equal for each sample
pair. The subtraction routine employed by Multi2D was that of Overton
(1988).

Statistical analyses

Group comparisons (men of proven fertility and infertility patients)
were performed using Mann–Whitney rank sum tests for continuous
variables. The results are expressed as means ± SD. All hypothesis

testing was two-sided, with a P-value of 0.05 deemed as significant.
The sample size of infertility patients (n = 66) provided a 90% power
to detect a 10% difference in percent sperm DNA fragmentation with
the 47 semen samples from men of proven fertility. The likelihood
ratio χ2-test served to determine whether TUNEL assay provided sta-
tistically significant thresholds between groups. The predictive capa-
city of sperm DNA fragmentation, as measured by TUNEL assay, to
differentiate between men of proven fertility and infertility patients
was studied by ROC curve analysis and logistic regression with the
group’s status as the outcome variable (Altman and Bland, 1994).
Sperm concentration was not included in the ROC curve analysis as
this sperm parameter was not a biomarker in our study. The area under
the curve (AUC) and 95% confidence intervals (CIs) were estimated.
To identify the clinical utility of TUNEL assay, sensitivity, specifi-
city, positive predictive value (PPV) and negative predictive value
(NPV) were calculated. The analyses were conducted with STATA
6.0 (Stata Corporation, College Station, TX, USA).

Results

There were no statistically significant differences between the
groups of infertile patients and fertile men with respect to age,
semen volume and days of sexual abstinence (data not shown).
Since sperm motility and morphology were evaluated as sub-
jective criteria, we only compared sperm DNA fragmentation
with sperm concentration, even though the latter parameter was
not a marker in our study. As expected, sperm concentration
for the fertile men was significantly higher than that of infertile
patients: 102.4 ± 66.4 × 106/ml versus 62.9 ± 33.2 × 106/ml,
respectively (P < 0.001). As determined by TUNEL assay,
infertile patients had a higher mean level of DNA fragmenta-
tion than fertile men: 40.9 ± 14.3% versus 13.1 ± 7.3%, respec-
tively (P < 0.001) (Table I). In the group of fertile men, the
highest value for sperm DNA fragmentation was 43.8%. In the
group of infertile patients, the lowest percentage of sperm
DNA fragmentation was 14.6%.

The discriminating power of sperm DNA fragmentation,
measured by TUNEL assay, to identify a threshold value

Figure 1. Flow cytometry data from TUNEL assay of spermatozoa. (A) Forward-angle light scatter/side-angle light scatter dot plotting. (B) A
red fluorescence frequency histogram obtained by gating red (PI stain) fluorescence to separate cells from debris for the creation of green fluores-
cence (FITC–streptavidin) frequency histograms. (C) The grey histogram represents sperm exposed to TdT enzyme, and the clear histogram with
heavy tracing the control sperm (no TdT enzyme); the area of the grey histogram above the heavy black tracing corresponds to the subtraction
(with TdT minus without TdT) used to calculate the percentage of cells showing DNA strand breaks.
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between fertile men and infertile patients, was calculated by
ROC curve analyses. During ROC analyses (Figure 2), varying
percentages of sperm DNA fragmentation values were used to
calculate optimum sensitivity and specificity values for TUNEL
assay. The best area under the ROC curve was 0.93 for 20% of
sperm DNA fragmentation. The calculated threshold value for
TUNEL assay to distinguish between fertile men and infertile
patients was 20%. Furthermore, this threshold had 89.4% (95%
CI 83.7–95.1) specificity and 96.9% (95% CI 93.8–100) sensi-
tivity for a discrimination level between infertile patients and
fertile men. The PPV and NPV of the 20% sperm DNA frag-
mentation threshold were high: 92.8% (95% CI 87.9–97.5) and
95.5% (95% CI 91.6–99.3), respectively

Discussion

The prevalence of male infertility and the availability of new
therapeutic options make it necessary to challenge the useful-
ness of tests to measure sperm DNA integrity. New develop-
ments of these tests (Robaire and Hales, 2003) follow the
recommendations of the 2nd International Conference on Male
Mediated Developmental Toxicity, Montreal, Quebec, 2001.
Classical semen analysis gives an approximate evaluation of
the functional competence of spermatozoa, but improved pre-
dictive values could be obtained from validated sperm DNA
fragmentation assays. A suitable sperm DNA integrity assay
relies not only on its discriminative power to predict fertilization

failure but also on its capacity to help clinicians in the choice
of therapeutic procedures (Perreault et al., 2003).

Sperm DNA fragmentation as a prognostic factor of a man’s
fertility potential is a matter of debate (see review by Alvarez,
2003). Particularly in the in-vivo situation, there is little
information on the threshold values of sperm DNA fragmentation
indicative of a man’s fertility potential. Several criteria have
been used to arrive at discriminating values or thresholds,
including comparison of fertility status (Gandini et al., 2000;
Irvine et al., 2000; Donnelly, et al., 2001; Ollero et al., 2001;
Zini et al., 2001; Saleh et al., 2002; 2003).

In our study, the results of ROC curve analysis indicated that
sperm DNA fragmentation, as measured by TUNEL assay, was a
good predictive parameter to distinguish between fertile and infer-
tile populations on the basis of the largest AUC (0.93; Figure 2).
The cut-off point was at 20% sperm DNA fragmentation, giv-
ing 96.5% sensitivity and 89.4% specificity. This threshold
value for sperm DNA fragmentation in our study is similar to
the 24% and 25% values obtained by others (Lopes et al.,
1998; Saleh et al., 2002; 2003).

In assisted reproductive clinics, the objective of a good
sperm DNA integrity test is to identify the proportion of men
who will contribute to the infertility problem of couples (and
not to classify them as possibly fertile or subfertile).

Sensitivity and specificity are associated with the intrinsic
performance of TUNEL assay, and do not depend upon sample
prevalence. However, PPV and NPV are strongly associated
with prevalence. In practice, when we obtain, by TUNEL
assay, 20% or more of sperm DNA fragmentation in a sample,
with what confidence can we be sure that a patient is infertile?
For instance, using a threshold value of 20% sperm DNA frag-
mentation with a prevalence of 58.4%, the PPV obtained was
92.8%. This value indicates that for a positive test (20% or
more), the subject would be falsely pronounced as infertile in
7.2% of cases (false-positive). Assuming a 50% prevalence of
male subfertility in an assisted reproductive setting (Ombelet
et al., 1997), under similar TUNEL assay conditions and simi-
lar sensitivity and specificity, the PPV obtained would remain
above 90%. In this case, the subject would be falsely pro-
nounced infertile in less than 10% of cases (false-positive). It
seems more acceptable though to diagnose subfertile males
falsely as fertile than to diagnose fertile males as subfertile.
This approach would prevent over-treatment of potentially fer-
tile males, for instance, referring couples for ICSI treatment
when IVF could have been employed.

The cause of human sperm DNA fragmentation and its
impact on fertilization and pregnancy remain unclear. Gorczyca
et al. (1993) proposed that the presence of endogenous nicks in
ejaculated human sperm is characteristic of programmed cell
death, as seen in apoptosis of somatic cells. Furthermore, act-
ive caspase-3, an enzyme associated with apoptosis, has been
detected in human spermatozoa (Weng et al., 2002). In addi-
tion, oxidative stress has been shown to affect the integrity of
sperm chromatin and to cause high frequencies of DNA single-
and double-strand breaks. Exposing spermatozoa to artificially
produced reactive oxygen species (ROS) significantly
increases DNA damage by modifying all bases and producing
base-free sites, deletions, frame shifts and DNA cross-links

Table I. Semen concentration and percentage of spermatozoa with DNA 
fragmentation in infertility patients and men of proven fertility

Values are mean ± SD.
aMann–Whitney rank sum test between groups P < 0.001.

Subjects n Concentration 
(×106/ml)

Sperm DNA 
fragmentation (%)

Infertility patients 66 62.9 ± 33.2a 40.9 ± 14.3a

Men of proven 
fertility

47 102.4 ± 66.4a 13.1 ± 7.3a

Figure 2. Receiver operating characteristics at 20% sperm DNA
fragmentation.

Area under ROC curve at 20% of sperm DNA
fragmentation = 0.93 
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(Irvine et al., 2000). Sperm DNA fragmentation can also be
caused by ROS generated by elevated number of leukocytes in
semen, particularly during genital tract inflammation. A third
possibility is based on the fact that histone replacement and
chromatin rearrangement are related to the presence of endog-
enous DNA nicks in elongating spermatids (McPherson and
Longo, 1993); ejaculated sperm with DNA fragmentation
might result from failure of spermatozoa to mature normally.
The predictive values of the TUNEL assay appear rather high;
in this regard, further prospective studies on larger cohorts are
needed to refine these figures. This also gives evidence that
whatever the cause of sperm DNA fragmentation in most infer-
tile men, the damages are likely to extend to other sperm struc-
tures and functions, as opposed to, for example, the more
discrete effects of gamma radiation on the DNA of mature
epididymal mouse sperm. Our results suggest that the TUNEL
assay is not a strictly independent measure of sperm quality. It
could complement other tests aimed at evaluating sperm func-
tions in the context of assisted reproductive technologies or
natural reproduction. Sperm DNA fragmentation was sug-
gested as an independent measure of sperm quality that may
have better diagnostic and prognostic capabilities than standard
semen parameters (Sun et al., 1997).

In summary, our data indicate that the cut-off of sperm DNA
fragmentation value to differentiate between fertile and infer-
tile men, as applicable to the in-vivo situation, is slightly lower
than those for other methods (e.g. SCSA) or under in-vitro situ-
ation as proposed in the literature. More importantly, our cur-
rent data, which are based on ROC curve analysis, allow a
classification of ‘normality’, i.e. fertile or infertile. This
approach, using a predictive threshold value for sperm DNA
fragmentation, can now more readily identify false-positive
rates. However, if a consensus can be reached on the lower
normal limits for sperm DNA integrity values, more studies
based on standardized protocols will be necessary to achieve
the ultimate goal of correctly predicting male fertility potential.

Acknowledgements
The authors thank Ms Suzanne Charland for clinical semen analyses,
Dr Catherine Arnaud of INSERM U558 (Toulouse, France) for statistical
analyses and graphics and Mr Ovid Da Silva of the Research Support
Office of the Research Centre of the CHUM for editing this text. This
study was supported by Département d’Obstétrique-Gynécologie,
CHUM – Hôpital Saint-Luc, Montréal, Québec, Canada (studentship
to M.S.) and by a grant from Philip Morris USA, Inc.

References

Agarwal A and Said TM (2003) Role of sperm chromatin abnormalities and
DNA damage in male infertility. Hum Reprod Update 9,331–345.

Ahmadi A and Ng SC (1999) Fertilizing ability of DNA-damaged spermatozoa. J
Exp Zool 284,696–704.

Aitken RJ, Irvine DS and Wu FC (1991) Prospective analysis of sperm–oocyte
fusion and reactive oxygen species generation as criteria for the diagnosis of
infertility. Am J Obstet Gynecol 164,542–551.

Altman DG and Bland JM (1994) Diagnostic tests 3: receiver operating char-
acteristic plots. BMJ 309,188.

Alvarez JG (2003) DNA fragmentation in human spermatozoa: significance in
the diagnosis and treatment of infertility. Minerva Ginecol 55,233–239.

Benchaib M, Braun V, Lornage J, Hadj S, Salle B, Lejeune H and Guerin JF
(2003) Sperm DNA fragmentation decreases the pregnancy rate in an
assisted reproductive technique. Hum Reprod 18,1023–1028.

Bigelow PL, Jarrell J, Young MR, Keefe TJ and Love EJ (1998) Association of
semen quality and occupational factors: comparison of case–control analysis
of continuous variables. Fertil Steril 69,11–18.

Braun RE (2001) Packaging paternal chromosomes with protamine. Nat Genet
28,10–12.

Bungum M, Humaidan P, Spano M, Jepson K, Bungum L and Giwercman A
(2004) The predictive value of sperm chromatin structure assay (SCSA)
parameters for the outcome of intrauterine insemination, IVF and ICSI.
Hum Reprod 19,1401–1408.

Dadoune JP (2003) Expression of mammalian spermatozoal nucleoproteins.
Microsc Res Tech 61,56–75.

de Kretser DM (1997) Male infertility. Lancet 349,787–790.
Donnelly ET, Steele EK, McClure M and Lewis SE (2001) Assessment of

DNA integrity and morphology of ejaculated spermatozoa from fertile and
infertile men before and after cryopreservation. Hum Reprod 16,1191–1199.

Duran EH, Morshedi M, Taylor S and Oehninger S (2002) Sperm DNA quality
predicts intrauterine insemination outcome: a prospective cohort study. Hum
Reprod 17,3122–3128.

Evenson DP, Jost LK, Marshall D, Zinaman MJ, Clegg E, Purvis K, de Angelis P
and Claussen OP (1999) Utility of the sperm chromatin structure assay as a
diagnostic and prognostic tool in the human fertility clinic. Hum Reprod
14,1039–1049.

Evenson DP, Larson KL and Jost LK (2002) Sperm chromatin structure assay:
its clinical use for detecting sperm DNA fragmentation in male infertility
and comparisons with other techniques. J Androl 23,25–43.

Friedler G (1996) Paternal exposures: impact on reproductive and develop-
mental outcome: an overview. Pharmacol Biochem Behav 55,691–700.

Fuentes-Mascorro G, Serrano H and Rosado A (2000) Sperm chromatin. Arch
Androl 45,215–225.

Gandini L, Lombardo F, Paoli D, Caponecchia L, Familiari G, Verlengia C,
Dondero F and Lenzi A (2000) Study of apoptosis DNA fragmentation in
human spermatozoa. Hum Reprod 15,830–839.

Gandini L, Lombardo F, Paoli D, Caruso F, Eleuteri P, Leter G, Ciriminna R,
Culasso F, Dondero F, Lenzi A et al. (2004) Full-term pregnancies achieved
with ICSI despite high levels of sperm chromatin damage. Hum Reprod
19,1409–1417.

Gorczyca W, Traganos F, Jesionowska H and Darzynkiewicz Z (1993) Pres-
ence of DNA strand breaks and increased sensitivity of DNA in situ to dena-
turation in abnormal human sperm cells: analogy to apoptosis of somatic
cells. Exp Cell Res 207,202–205.

Henkel R, Kierspel E, Hajimohammad M, Stalf T, Hoogendijk C, Mehnert C,
Menkveld R, Schill WB and Kruger TF (2003) DNA fragmentation of sper-
matozoa and assisted reproduction technology. Reprod Biomed Online
7,477–484.

Henkel R, Hajimohammad M, Stalf T, Hoogendijk C, Mehnert C, Menkveld R,
Gips H, Schill WB and Kruger TF (2004) Influence of deoxyribonucleic
acid damage on fertilization and pregnancy. Fertil Steril 81,965–972.

Host E, Lindenberg S and Smidt-Jensen S (2000) The role of DNA strand
breaks in human spermatozoa used for IVF and ICSI. Acta Obstet Gynecol
Scand 79,559–563.

Irvine DS, Twigg JP, Gordon EL, Fulton N, Milne PA and Aitken RJ (2000)
DNA integrity in human spermatozoa: relationships with semen quality. J
Androl 21,33–44.

Keel BA and Webster BW (1990) The semen analysis. In Keel BA and Webster
(eds) CRC Handbook of the Laboratory Diagnosis and Treatment of Infertil-
ity. CRC Press, Boca Raton, FL, USA, pp. 27–69.

Larson-Cook KL, Brannian JD, Hansen KA, Kasperson KM, Aamold ET and
Evenson DP (2003) Relationship between the outcomes of assisted repro-
ductive techniques and sperm DNA fragmentation as measured by the sperm
chromatin structure assay. Fertil Steril 80,895–902.

Liu DY and Baker HW (1994) Disordered acrosome reaction of spermatozoa
bound to the zona pellucida: a newly discovered sperm defect causing infer-
tility with reduced sperm–zona pellucida penetration and reduced fertiliza-
tion in vitro. Hum Reprod 9,1694–1700.

Lopes S, Jurisicova A, Sun JG and Casper RF (1998) Sperm deoxyribonucleic
acid fragmentation is increased in poor quality sperm samples and correlates
with failed fertilization in intracytoplasmic sperm injection. Fertil Steril
69,528–532.

Marnett LJ (2000) Oxyradicals and DNA damage. Carcinogenesis 21,361–370.
McPherson SM and Longo FJ (1993) Chromatin structure-function alterations

during mammalian spermatogenesis: DNA nicking and repair in elongating
spermatids. Eur J Histochem 37,109–128.

Morris ID, Ilott S, Dixon L and Brison DR (2002) The spectrum of DNA damage
in human sperm assessed by single cell gel electrophoresis (Comet assay)

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/20/12/3446/2913681 by U
.S. D

epartm
ent of Justice user on 17 August 2022



Threshold value of sperm DNA fragmentation

3451

and its relationship to fertilization and embryo development. Hum Reprod
17,990–998.

Mortimer D, Pandya IJ and Sawers RS (1986) Relationship between human
sperm motility characteristics and sperm penetration into human cervical
mucus in vitro. J Reprod Fertil 78,93–102.

Ollero M, Gil-Guzman E, Lopez MC, Sharma RK, Agarwal A, Larson K,
Evenson D, Thomas AJ Jr and Alvarez JG (2001) Characterization of sub-
sets of human spermatozoa at different stages of maturation: implication in
the diagnosis and treatment of male infertility. Hum Reprod 16,1912–1921.

Ombelet W, Bosmans E, Janssen M, Cox A, Vlasselaer J, Gyselaers W,
Vandeput H, Gielen J, Pollet H, Maes M et al. (1997) Semen parameters in a
fertile versus subfertile population: a need for change in the interpretation of
semen testing. Hum Reprod 12,987–993.

Overton WR (1988) Modified histogram subtraction technique for analysis of
flow cytometry data. Cytometry 9,619–626.

Perreault SD, Aitken RJ, Baker HW, Evenson DP, Huszar G, Irvine DS,
Morris ID, Morris RA, Robbins WA, Sakkas D et al. (2003) Integrating new
tests of sperm genetic integrity into semen analysis: breakout group discus-
sion. Adv Exp Med Biol 518,253–268.

Robaire B and Hales B (2003) Advances in Male Mediated Developmental
Toxicity. Advances in Experimental Medicine and Biology. Vol. 518,
Kluwer Academic/Plenum Publishers, New York, NY, USA.

Sailer BL, Jost LK and Evenson DP (1995) Mammalian sperm DNA suscepti-
bility to in situ denaturation associated with the presence of DNA strand
breaks as measured by the terminal deoxynucleotidyl transferase assay. J
Androl 16,80–87.

Saleh RA, Agarwal A, Nelson DR, Nada EA, El-Tonsy MH, Alvarez JG,
Thomas AJ Jr and Sharma RK (2002) Increased sperm nuclear DNA dam-
age in normozoospermic infertile men: a prospective study. Fertil Steril
78,313–318.

Saleh RA, Agarwal A, Sharma RK, Said TM, Sikka SC and Thomas AJ Jr
(2003) Evaluation of nuclear DNA damage in spermatozoa from infertile
men with varicocele. Fertil Steril 80,1431–1436.

Sergerie M, Ouhilal S, Bissonnette F, Brodeur J and Bleau G (2000) Lack of
association between smoking and DNA fragmentation in the spermatozoa of
normal men. Hum Reprod 6,1314–1321.

Sun JG, Jurisicova A and Casper RF (1997) Detection of deoxyribonucleic
acid fragmentation in human sperm: correlation with fertilization in vitro.
Biol Reprod 56,602–607.

Tomsu M, Sharma V and Miller D. (2002) Embryo quality and IVF treatment
outcomes may correlate with different sperm comet assay parameters. Hum
Reprod 17,1856–1862.

Virro MR, Larson-Cook KL and Evenson DP (2004) Sperm chromatin struc-
ture assay (SCSA) parameters are related to fertilization, blastocyst develop-
ment, and ongoing pregnancy in in vitro fertilization and intracytoplasmic
sperm injection cycles. Fertil Steril 81,1289–1295.

Weng SL, Taylor SL, Morshedi M, Schuffner A, Duran EH, Beebe S and
Oehninger S (2002) Caspase activity and apoptotic markers in ejaculated
human sperm. Mol Hum Reprod 8,984–991.

World Health Organization (1999) WHO Laboratory Manual for the Examina-
tion of Human Semen and Sperm–Cervical Mucus Interaction. 4th edn,
Cambridge University Press, Cambridge, UK.

Wyrobek AJ (1993) Methods and concepts in detecting abnormal reproductive
outcomes of paternal origin. Reprod Toxicol 7,3–16.

Zini A, Bielecki R, Phang D and Zenzes MT (2001) Correlations between two
markers of sperm DNA integrity, DNA denaturation and DNA fragmentation,
in fertile and infertile men. Fertil Steril 75,674–677.

Submitted on December 7, 2004; resubmitted on June 23, 2005; accepted on
July 1, 2005

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/20/12/3446/2913681 by U
.S. D

epartm
ent of Justice user on 17 August 2022


