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KEYWORDS Abstract  Objective: To summarise the latest evidence on the role of sperm DNA
fragmentation (SDF) in male factor infertility, as SDF has been emerging as a valu-
able tool for male infertility evaluation.

Methods: A search of PubMed was conducted using the keywords ‘sperm DNA
fragmentation’ and ‘male infertility’. Studies in languages other than English were
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nancy loss, selection of the most appropriate assisted reproductive technique with
highest success rate for infertile couples, and assessment of infertile men with mod-
ifiable lifestyle factors or gonadotoxin exposure has been recently proposed.

© 2017 Production and hosting by Elsevier B.V. on behalf of Arab Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

About 15% of couples of reproductive age are affected
by infertility, with male factors contributing up to
50% of the reduced fertility [1]. However, since the
advent of intracytoplasmic sperm injection (ICSI), little
attention has been given to the evaluation of infertile
men. Conventional semen analysis remained the only
routine diagnostic test for male infertility, despite the
lack of capability in discriminating infertile from fertile
men and up to 40% of infertile men have semen param-
eters within normal reference ranges [2]. Even with the
rapid development of assisted reproductive technology
(ART) during the last few decades, the live-birth rate
does not exceed 30% [3]. Resolving the problem of male
infertility is the rational approach to improve treatment
outcomes of infertile couples rather than bypassing the
male factors with ART.

There is a need to search for additional diagnostic
tools to improve prediction of fertility and direct man-
agement decisions of infertile couples. An understanding
of male infertility at the molecular level and the recogni-
tion of sperm DNA integrity has revived interest in
sperm function tests in recent years. Emerging evidence
on the role of sperm DNA integrity on reproductive out-
comes and development of sperm DNA fragmentation
(SDF) assays opens a new horizon in clinical andrology.
Although the routine use of SDF testing in the evalua-

tion of infertile men is generally not supported, the value
of the test has been acknowledged in the latest AUA and
European Association of Urology (EAU) guidelines
[4.5].

The present review summarises the role of SDF in
male infertility. Firstly, normal sperm chromatin struc-
ture and the causative mechanisms of SDF are briefly
introduced. Currently available SDF assays are also dis-
cussed. Secondly, the implications of SDF on natural
pregnancy and ART outcomes are presented. The possi-
ble genetic consequences and birth defects in offspring
are put forward. Finally, treatment options for high
SDF and clinical application of SDF tests are proposed.

Materials and methods

The PubMed database was searched from time of incep-
tion to October 2017. The search was limited to studies
published in English and only human studies were
included. The search terms were ‘sperm DNA fragmen-
tation” and ‘male infertility’. The two keywords were
combined with ‘AND’ to capture all citations that were
relevant to our research question.

Studies were selected if male patients with primary or
secondary infertility were included in the target popula-
tion. The inclusion criteria for this review were reporting
of clinical outcome parameters including fertilisation,
pregnancy, birth, and miscarriage rates. Studies involv-
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ing interventions that did not alter clinical outcomes
were excluded. Relevant information was extracted from
all studies that fulfilled the selection criteria. The most
recent or the most complete publication was used in
cases of duplicate publications.

Results

In all, 605 studies were initially retrieved from the data-
base using the search strategy described above. Review
of the titles and abstracts of all studies indicated 26
duplicate and 289 irrelevant studies. The remaining
290 studies were scrutinised by the authors. Of these,
140 studies were excluded due to various reasons as

listed in Fig. 1. Eventually, 150 studies met the inclusion
criteria and were included in the review.

Discussion

SDF

Sperm are specifically designed for the transmission of a
complete haploid genome to the ovum that will ulti-
mately constitute a new individual. The success of the
process partly relies on the compaction of genetic mate-
rial adjusting to the extremely limited volume of the
sperm nucleus. Protamination represents the unique
process in which histones are removed and replaced by

Total number of records retrieved from electronic
searches and examination of reference lists of
primary and review articles (n = 605)

—_— Duplicates removed (n = 26)
Records excluded after screening
—> titles or abstracts (n = 289)
v

of eligibility (n = 290)

Full-text articles retrieved for detailed evaluation

Full-text articles excluded, with
reasons (n = 140)

« |dentical population (n = 25)

| . Irrelevant intervention (n =48)
« Non-clinical outcome measure
(n=50)
« Not a full article (n = 17)
v
Articles included in final qualitative analysis (n =
150)
. Meta-analysis (n = 5)
. Systematic reviews (n = 43)
. Original articles (n = 102)

Fig. 1

Flow diagram illustrating study selection.
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positively charged protamines forming tight toroidal
complexes during the condensation process. Emerging
evidence supports the importance of chromatin organi-
sation during fertilisation and early embryo develop-
ment [6]. In fact, a certain degree of DNA breaks are
present in sperm from fertile men and the level varies
from one sperm to another [7]. It is thought that con-
trolled DNA nicking during DNA compaction is essen-
tial to relieve the stress in the molecule. However,
infertile men usually have a larger proportion of sperm
with higher levels of fragmented DNA than fertile men.

Both intrinsic and extrinsic factors are involved in the
pathogenesis of fragmented DNA. Poor chromatin
structure renders the sperm vulnerable to DNA damage
in the face of extrinsic factors. The lack of a DNA repair
mechanism in sperm also explains its susceptibility to
DNA fragmentation. Abortive apoptosis [8] and defec-
tive maturation [9] theories were proposed to explain
the intrinsic factors in the generation of SDF in testicu-
lar sperm. However, there is evidence showing that there
is more DNA fragmentation in epididymal and ejacu-
lated sperm than in testicular sperm, suggesting extrinsic
factors being more significant in most patients [10].
Recently, oxidative stress has been identified as an
important extrinsic cause of SDF [11]. The presence of
a large amount of polyunsaturated fatty acids in the
plasma membrane makes sperm particularly susceptible
to oxidative stress-mediated damage [12]. A supraphys-
iological level of reactive oxygen species (ROS) over-

Intrinsic Factors

whelms the protective antioxidant system and results
in sperm DNA strand breaks [13]. The close relationship
between efficiency of sperm chromatin protamination
and the degree of oxidative DNA damage as the causes
of SDF is summarised in Fig.2.

Following the increasing interest in the association
between SDF and reduced fertility, the advancement
in molecular biology and SDF assays in the 1980s and
1990s has hastened the research in the area. Currently,
eight methods to assess SDF (Table 1) are clinically
available, which are generally classified into two types:
direct and indirect. Whilst direct tests measure the extent
of sperm DNA damage by using probes and dyes, indi-
rect tests assess the susceptibility of DNA to denatura-
tion that occurs more commonly in fragmented DNA
[14]. Amongst the SDF assays, the sperm chromatin
structure assay (SCSA), terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL), sperm
chromatin dispersion (SCD) and single cell gel elec-
trophoresis assay (Comet) have standardised protocols
and represent the mostly widely used tests [15].

Although the results from different SDF assays are
generally not comparable due to the different aspects
of SDF measured [16], the tests are interrelated by com-
monly reflecting the properties of sperm DNA and may
indicate a common origin of damage [17]. Indeed, mod-
erate correlations, with coefficients ranging from 0.3 to
0.7, have been reported amongst various SDF tests
including SCSA, SCD and TUNEL assays [18]. More-

Extrinsic Factors
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over, the predictive value of SDF in both natural preg-
nancy and ART outcomes has been consistently
reported from various centres using different testing
methods in a wide range of patients [19]. It appears that
a standardised protocol and specimen collection for
SDF assays in a specialised andrology laboratory with
good quality control is critical in generating a clinically
useful result, irrespective of the different testing methods
used [15]. The lack of a clear threshold value for SDF
assays is often considered as another pitfall, deterring
the wider application of the test. However, fertility
potential should be conceptualised in terms of probabil-
ity rather than a bimodal parameter. The quest for a
clear threshold of a diagnostic test in the context of com-
plex human reproductive system is probably an oversim-
plification. The coexistence of factors from both
partners in an infertile couple cannot be accurately
assessed by a single laboratory test on either partner.
Whilst a clear threshold value is preferred for a scientific
study, it is reasonable to adjust the acceptable level of
SDF according to a specific clinical scenario in accor-
dance to other confounders [20].

Studies on the possible correlation between SDF and
conventional semen parameters yiclded ambiguous con-
clusions. On one hand, a negative association between
SDF and morphologically normal spermatozoa has
been reported. On the other hand, the fact that sperm
with high SDF can have normal motility and morphol-
ogy suggests additional prognostic value of the assess-
ment [21]. In fact, the value of SDF as an independent
attribute of semen quality in additional to conventional
semen analysis has recently been supported [22]. A
higher level of SDF is also found in men with abnormal
semen parameters and normozoospermic partners of
infertile couples [23]. SDF test results reflect overall
sperm quality to a certain extent and are complementary
to semen analysis, but more significant and distinct than
conventional semen parameters.

Implications of SDF on reproductive outcomes

Natural pregnancy

The number of reports on the relationship between SDF
and natural pregnancy may seem scarce compared to
reports on ART outcomes [19], but good quality data
are not lacking. Time-to-pregnancy, which is an excel-
lent endpoint in assessment of fertility potential, has
been reported. The Danish First Pregnancy Planner
study provided solid evidence by illustrating the correla-
tion between infertility and an SDF index of >30% in
an unselected population of unknown fertility capabil-
ity. A high proportion of sperm exhibiting SDF was
associated with a longer time to achieve natural preg-
nancy, in addition to lower fertility potential, compared
to low SDF [24]. In the Longitudinal Investigation of
Fertility and the Environment study, which enrolled

~500 couples with no infertility history discontinuing
contraception for the purpose of becoming pregnant,
SDF was associated with fecundity [25]. A meta-
analysis involving three studies and 616 couples sug-
gested high SDF, determined by SCSA, was associated
with failure to achieve natural pregnancy with an odds
ratio (OR) of 7.01 (95% CI 3.68, 13.36) [26].

Intrauterine insemination (1UI)

The association between high SDF and poor IUI out-
comes is not without debate. The decline in the use of
IUI in many fertility centres worldwide limits data
acquisition. In one study, an SDF index of >30% by
SCSA was a predictor for decreased pregnancy and
delivery rates after IUI with an OR of 9.9 (95% CI
2.37, 41.51) [27]. Insemination of >12% TUNEL-
positive spermatozoa resulted in no pregnancy in
another study [28]. A recent study also suggested an
SDF index of >27% by SCSA has a negative impact
on the IUI pregnancy rate [29].

In vitro fertilisation (IVF)/intracytoplasmic sperm
injection (ICSI)

The relationship between SDF and pregnancy rates after
IVF has been more extensively studied. Notwithstand-
ing, the interpretation of results is limited by the hetero-
geneity in study populations, SDF assays, protocols,
and thresholds. Furthermore, many of the studies anal-
ysed both IVF and ICSI patients as a single entity,
despite the difference between the techniques.

Earlier systematic reviews have reported a modest
relationship between SDF and pregnancy rates with
IVF. Lower pregnancy rates in patients with high SDF
with a combined OR of 1.57 (95% CI 1.18, 2.07) was
observed by evaluating nine IVF studies (six using
TUNEL and three SCSA) [30]. Likewise, 553 patients
who underwent conventional IVF were studied in
another review. A statistically significant association
between SDF measured by TUNEL, SCSA and Comet
with an OR of 1.27 (95% CI 1.05, 1.52; P = 0.01) was
reported [31].

In contrast, compelling evidence suggests that SDF
has a negligible effect on ICSI outcome measures. A sys-
tematic review failed to find a significant association
between SDF and ICSI pregnancy rates with a com-
bined OR of 1.14 (95% CI 0.86, 1.54) [29]. Another
meta-analysis included 16 cohort studies, with 3106 cou-
ples, and reported a lower pregnancy rate in the context
of high SDF only in patients undergoing IVF (OR 0.66,
95% CI 0.48, 0.90; P = 0.008) but not ICSI (OR 0.94,
95% CI 0.70, 1.25) [32].

Controversies remain as demonstrated by more
recent systematic reviews and meta-analyses. In a recent
meta-analysis, 56 studies were included and classified
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Table 1 SDF testing methods.

Test Principle Method Result Advantage Disadvantage
Acridine Metachromatic shift in Acid denaturation, Normal DNA fluoresces Rapid and simple Inter-laboratory
orange (AO) fluorescence of AO when  followed by staining by green Inexpensive variations
test bound to DNA breaks AO Denatured DNA fluoresces Lack of

Uses fluorescent orange-red reproducibility

Aniline blue
(AB) staining

Toluidine blue
(TB) staining

Chromomycin
A3 (CMA3)
staining

TUNEL

SCSA

SCD/Halo test

Greater affinity for lysine-
rich histones in immature

sperm

High affinity for sperm

DNA phosphate residues

associated with damaged
chromatin

Compete with protamine
for the same binding site
in DNA

Quantifies the enzymatic
incorporation of dUTP
into DNA breaks as
percentage of fluorescent
sperm

Measures the
susceptibility of sperm
DNA to denaturation

Assess dispersion of DNA

fragments after
denaturation

microscopy
Staining by AB
Uses optical
microscopy

Staining by TB
Uses optical
microscopy

Staining by CMA3

Labelled nucleotides
are added to site of
DNA fragmentation
Fluorescence is
measured by flow
cytometry or
fluorescence
microscopy

Acid denaturation,
followed by staining by
AO

Measurement by flow
cytometry

Uses fluorescent
microscopy

Agarose-embedded
sperm are subjected to a
denaturing solution to
remove nuclear proteins
Uses fluorescent
microscopy to observe
chromatin dispersion
after staining

Nuclei of immature sperm
stain blue

Protamine-rich nuclei of
mature sperm remain
unstained

Producing an intense violet-
blue colouration after
incorporation into damaged
chromatin

Highly positive test reflects a
low DNA protamination
state associated with poorly
packaged sperm chromatin

Sperm with fragmented
DNA showed fluorescence
Result presented as
percentage of fluorescent
sperm

Normal DNA fluoresces
green

Denatured DNA fluoresces
orange-red

Result presented as DNA
fragmentation index (%
DFI) and high DNA stain
ability (% HDS)

Sperm with fragmented
DNA do not produce halo
Characteristic halo of
dispersed DNA loops are
observed in sperm with non-
fragmented DNA

Result presented as
percentage of sperm with
non-dispersed chromatin

Rapid and simple
Inexpensive

Rapid and simple
Inexpensive

Strong
correlation has
been
demonstrated
with other SDF
assays

Direct assay

Can be
performed in
fresh or frozen
samples

Can performed
on few sperm
Detects both
single- and
double-strand
DNA breaks
Commercial
assay available
Reference sample
is not required
Standardised
protocol
available

Rapid evaluation
of large number
of spermatozoa
Correlations with
results of other
SDF assays
Established
clinical
thresholds

Can be
performed on
fresh or frozen
samples
Relatively simple
test with
commercial kit
available

Inter-laboratory
variations

Lack of
reproducibility
and precision
dependent on
staining efficiency
Inter-observer
variability
Precision
dependent on
staining efficiency
Inter-observer
variability
Inter-laboratory
variability not
tested
Technically
demanding
Requires
standardization
among
laboratories
Time-consuming
Immature
spermatozoa are
not evaluated
Variable clinical
thresholds
reported in the
literature

Indirect assay
involving acid
denaturation
Proprietary
protocol with no
commercial assay
Requires
expensive
instrument and
highly skilled
technicians

Indirect assay
involving acid
denaturation
Inter-observer
variability
Time-consuming
and labour
intensive if using
microscopic
evaluation
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Table 1 (continued)

Test Principle Method Result Advantage Disadvantage
SCGE/Comet  Electrophoretic Gel electrophoresis Size of comet tail represents Direct assay Requires fresh
assay assessment of DNA performed in alkaline the amount of DNA Can be sample
fragments of lysed DNA  or neutral conditions fragments that stream out of performed on Inter-observer
the sperm head few sperm variability
Result presented as mean Detect multiple Time consuming
amount of DNA damage per types of DNA Requires
spermatozoon damage of experienced
individual observer
spermatozoon

Result correlates
well with other
SDF assays

AB, aniline blue; AO, acridine orange; CMA3, chromomycin A3; TB, toluidine blue; SCD, sperm chromatin dispersion; SCGE, single cell gel

electrophoresis.

into IVF (16 studies), ICSI (24 studies), and mixed IVF/
ICSI (16 studies) [33]. The authors concluded that SDF
predicts poor clinical pregnancy rates for both IVF (OR
1.65,95% CI 1.34, 2.04; P < 0.001) and ICSI (OR 1.31,
95% CI 1.08, 1.59; P < 0.007) [33]. Another systematic
review and meta-analysis, on the other hand, reported a
fair to poor predictive value of various SDF assays in
the prediction of pregnancy after IVF or ICSI. All tests
generally showed higher sensitivity and lower specificity
[34]. However, both meta-analyses were limited by the
high study heterogeneity and poorly controlled female
factors [33,34].

Importantly, clinical and ongoing pregnancy rates are
less relevant outcomes. A recent systematic review and
meta-analysis sought to examine the effect of SDF on
live-birth rates in IVF and ICSI. Six observational stud-
ies (three using SCSA, two TUNEL, and one Comet)
and 998 couples were identified. The meta-analysis
showed that couples whose male partners had low
SDF achieved higher live-birth rates after IVF (relative
risk [RR] 1.27, 95% CI 1.05, 1.52) and ICSI (RR 1.11,
95% CI 1.00, 1.23). Further subgroup analysis showed
that the impact of SDF on live-birth rates amplified sig-
nificantly in IVF (RR 2.76, 95% CI 1.59, 4.80; P <
0.001) but became insignificant in ICSI (RR 1.08, 95%
CI 0.39, 2.96) when female factors were controlled for
[35]. This result also signifies the potential role of ICSI
in the treatment of men with high SDF.

The difference in outcome between conventional IVF
and ICSI cycles may be explained by technical differ-
ences between the two techniques. In IVF, both gametes
are subjected to prolonged culture and exposure to
oxidative stress, which is one of the major extrinsic fac-
tors causing SDF [36]. Therefore, the fertilisation rate of
IVF may be affected when there is a larger proportion of
sperm with high SDF. In ICSI, a spermatozoon is
injected directly into an oocyte. The better quality
oocyte with less exposure to oxidative stress may better

preserve its ability in repairing SDF to a certain extent
[37]. These factors may provide an explanation for the
higher fertilisation rate in ICSI compared to IVF in
the face of high SDF.

Risk of pregnancy loss

Emerging evidence in recent years has indicated an asso-
ciation between high SDF and an increased risk of mis-
carriage after ART. High SDF was associated with a
significant increase in the rate of pregnancy loss after
IVF and ICSI with a combined OR of 2.48 (95% CI
1.52,4.04; P < 0.001) as reported in a systematic review
[29]. Another systematic review of 16 cohorts and 2969
couples confirmed a similar result and found that the
risk of pregnancy loss was increased by 2.16-fold when
semen specimens with high SDF were used for IVF
and ICSI (95% CI 1.54, 3.03; P < 0.001) [38]. Both
reviews suggested that the significant associations
between high SDF and miscarriage rates did not depend
on the method of fertilisation used. More recently, a
positive association between recurrent spontancous
abortion and high SDF has also been reported [39].

A more recent systematic review and meta-analysis of
14 studies and 2756 couples indicated that elevated SDF
is associated with higher miscarriage rates for men
undergoing ICSI (OR 2.68, 95% CI 1.40, 5.14; P =
0.003), but not for those undergoing IVF (OR 1.84,
95% CI 0.98, 3.46) [32]. The result can be explained
by the different sperm selection process between the
two techniques. A spermatozoon with forward motility
and normal morphology is selected and injected in ICSI.
However, selection with this criterion does not eliminate
the chance of injecting a spermatozoon with high SDF.
Indeed, morphologically normal motile sperm from
infertile men have significantly higher SDF compared
to those of fertile counterparts [6]. The paternal effect
of SDF on all stages of embryo development may
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explain the higher miscarriage rate in ICSI when sperm
with high SDF were used [40]. On the other hand, the
natural selection process was not completely bypassed
in the process of IVF. It is more likely that a healthier
spermatozoon with less SDF would have a higher
chance of fertilising the oocyte during IVF.

Although most studies indicate an association
between high SDF and pregnancy loss, drawing a robust
conclusion remains difficult in view of the heterogeneity
of studies. The issue becomes even more complicated
with the involvement of female factors. It is illustrated
well that the implantation and live-birth rates during
IVF/ICSI cycles in women with reduced ovarian reserve
were significantly decreased when SDF exceeded 27.3%.
Whilst the risk of early abortion was increased in
women with normal ovarian reserve in face of high
SDF; the implantation, clinical pregnancy, and live-
birth rates were not affected [41]. The delicate balance
between SDF and oocyte repair machinery may explain
the inconsistent findings from various systematic reviews
and meta-analyses, as female factors were often not uni-
formly reported.

In summary, high SDF is strongly associated with
decreased pregnancy rates in natural conception and
IUI. The association between high SDF and impaired
pregnancy outcomes after IVF is suggestive, but not
conclusive. The implication of SDF on pregnancy out-
comes becomes less clear in ICSI. However, there is fair
evidence indicating high SDF may lead to increased risk
to pregnancy after IVF and/or ICSI. Despite the contro-
versy surrounding the clinical use of SDF testing, the
value of SDF in predicting ART outcomes has recently
been recognised by the American Society for Reproduc-
tive Medicine (ASRM) [42], AUA [4], and EAU [5].

Implications of SDF on birth defects and the possible
sequelae on genetics

The development of ICSI has revolutionised the treat-
ment of infertility. The technique can potentially bypass
even the most severe form of male factor infertility and
give the infertile couple a baby. However, the safety of
ART remains a concern particularly with the knowledge
of SDF in the last few decades. The higher incidence of
chromosomal abnormalities in ICSI candidates [43] and
increased rate of aneuploidy [44] associated with ele-
vated SDF validate the concern on possible genetic
defects in offspring. Animal studies in mouse models
have shown the negative impact of high SDF on off-
spring including premature ageing, aberrant growth
and behaviour, and increased incidence of tumours [45].

The effect of smoking and paternal age on SDF rep-
resents an indirect evidence of the impact of SDF on off-
spring health. Heavy smokers exhibit higher levels of
SDF and oxidative adduct formation in sperm and this
may explain the suggested increase in incidence of child-

hood cancer in the offspring of heavy smokers [46].
Impaired sperm DNA integrity in ageing men has been
linked with dominant genetic diseases, polygenic neuro-
logical disorders, and birth defects [19,47].

It is argued that there is lack of direct evidence
demonstrating the deleterious effect of high SDF on
the human offspring. However, the circumstantial evi-
dence from animal studies is alarming [19]. The unclear
long-term consequences of transmitting defective genes,
particularly in cases of extremely high SDF treated with
ICSI, should not be overlooked. High-quality human
study is impossible due to ethical issues. It may also
require millions of ICSI children and several generations
before any firm conclusion can be reached. Scepticism
will persist until the question of the relationship between
SDF and genetic defects is answered by longitudinal
studies with sufficient samples and durations.

Treatment options for high SDF

Lack of effective treatment for high SDF has been a
major obstacle in the clinical application of SDF. The
situation is changing recently in view of the evolving evi-
dence supporting different treatment strategies in allevi-
ating SDF or selecting sperm with higher quality
chromatin content for ART [15]. The intake of oral
antioxidants, varicocele repair, recurrent ejaculations
alone or combined with sperm selection techniques,
and the use of testicular sperm for ICSI, have been
attempted with varying success rates. The treatment
strategies for high SDF and their effects are summarised
in Table 2 [10,48-54,58-65,68,70,71].

Short abstinence

The effect of shortening the ejaculatory abstinence and
repeated ejaculation as a potential means in reducing
SDF in neat semen has been studied. A 22-25% reduc-
tion in the proportion of sperm with damaged DNA was
achieved with ejaculatory abstinence of 1-2 days with-
out compromising conventional semen parameters
[48.,49]. Tt has been shown that oxidative stress-induced
SDF during epididymal transit contributes to SDF in
most patients [10]. This provides a possible explanation
for the effect of repeated ejaculation in decreasing SDF
by reducing duration of epididymal transit and possible
exposure to ROS.

Oral antioxidant therapy

As oxidative stress has been investigated and found to
play a detrimental role on sperm DNA integrity, the
use of oral antioxidant has been studied in an attempt
to reduce oxidative stress, and thus SDF. The possible
beneficial effect has been suggested by studies reporting
varying degrees of reduction in SDF after antioxidant
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Table 2 Summary of the effect on SDF using different treatment strategies.

Method SDF relative reduction,% SDF assay Reference
Short abstinence 25 SCD Gosalvez et al. [48]
22 TUNEL Agarwal et al. [49]
Oral antioxidant therapy 66 TUNEL Greco et al. [50]
18 TUNEL Tunc et al. [51]
19 SCSA Ménézo et al. [52]
58 TUNEL Martinez-Soto et al. [53]
29 SCD Abad et al. [54]
Varicocelectomy 14 SCSA Smit et al. [58]
27 SCD Zini et al. [59]
MACS 27 TUNEL Lee et al. [60]
0 TUNEL Nadalini et al. [61]
IMSI 78 TUNEL Hammoud et al. [62]
0 SCD Maettner et al. [63]
PICSI 68 SCD Parmegiani et al. [64]
0 SCSA Rashiki Ghaleno et al. [65]
Density gradient centrifugation 22-44" SCD Gosalvez et al. [48]
57 SCD Xue et al. [68]
Swim-up 33 SCD Parmegiani et al. [64]
38 SCD Xue et al. [68]
Testicular sperm 80 SCD Esteves et al. [10]
80 TUNEL Greco et al. [70]
67 TUNEL Moskovtsev et al. [71]

* Combined with short ejaculatory abstinence.

therapy with different combinations of oral antioxidants
[50—-54]. The use of oral antioxidants to manage elevated
SDF was studied in 38 couples with a failed ICSI
attempt. An increase in clinical pregnancy rate (48.2%
vs 6.9%; P < 0.05 for post- and pre-treatment with oral
antioxidants) was noted after 2-months treatment with
daily vitamin C and E, and a decrease in SDF was seen
in 76% of men [50]. A recent Cochrane review suggested
a positive impact of oral antioxidants on live-birth rates
in couples attending a fertility clinic (OR 4.21, 95% CI
2.08, 8.51; P < 0.001) based on a small number of stud-
ies [55]. Additional studies are required involving careful
selection of patients with high levels of oxidation-
induced SDF and a standardised treatment regimen.

Varicocelectomy

Varicocele repair represents an effective treatment in
alleviating SDF in patients with high SDF in the pres-
ence of varicocele. A systematic review involving 511
patients from 12 studies comparing men with clinical
varicocele with a control group demonstrated a higher
level of SDF in men with varicoceles and an improve-
ment in SDF after varicocele repair [56]. A meta-
analysis also revealed a 3.37% (95% CI 2.65, 4.08; P
< 0.001) reduction in SDF after varicocele repair [57].
More recent studies have further shown a higher likeli-
hood of conception after varicocelectomy associated
with significant reductions in SDF. A significant
decrease in SCSA SDF index from 35.2% to 30.2%
(P = 0.019) was noted after varicocelectomy. Moreover,

37% of patients conceived naturally and 24% achieved
pregnancy with ART after surgery. More importantly,
postoperative SDF levels were significantly lower in
those who achieved pregnancy whether naturally or
through ART [58].

Sperm selection

Sperm selection techniques including magnetic cell sort-
ing (MACS), intracytoplasmic morphologically selected
sperm injection (IMSI), and physiological ICSI with
hyaluronic acid binding assay (PICSI), have brought
about conflicting results [60-65]. A recent study with
ICSI has not identified any differences in fertilisation,
pregnancy, quality of embryos, implantation rates, mis-
carriage rates, and live-birth rates in samples prepared
with or without MACS, IMSI and PICSI [66]. In
another report evaluating 448 ICSI cycles from couples
whose male partners had high levels of SDF, the authors
applied interventions to reduce SDF including IMSI and
PICSI and compared outcomes with a control group of
‘no intervention’. The lowest live-birth rates of 24.2%
were achieved when no intervention was adopted, whilst
IMSI (28.7%) and PICSI (38.3%) resulted in modest
improvements in the live-birth rate [67].

Likewise, the effect of sperm preparation with density
gradient centrifugation and swim-up on ART outcomes
remains inconclusive; whilst some studies have found a
reduction in SDF rates, others have failed to show any
benefit [45,61,65]. In addition, density gradient centrifu-
gation has been reported to result in increased SDF,
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especially when higher centrifugation force and longer
duration were used [69].

Testicular sperm

The three- to fivefold lower SDF observed in testicular
than ejaculated sperm support the use of testicular
sperm for ICSI as a treatment strategy for high SDF
[10,70,71]. The reported relative reduction in SDF rang-
ing from 66% to 80% is remarkably greater than other
techniques described above (Table 2). Indeed, the bene-
ficial effect of testicular sperm over other sperm selec-
tion techniques has been reported. A higher live-birth
rate of 49.8% was reported with the use of testicular
sperm and ICSI, which was significantly higher than
that of IMSI (28.7%) and PICSI (38.3%) (P < 0.05)
[67].

Recent studies have shown promising result regard-
ing the use of testicular sperm and ICSI in men with
high SDF and oligozoospermia [10,72]. In one study,
the authors enrolled 172 infertile men with idiopathic
oligozoospermia presenting with high SDF despite
oral antioxidant therapy. For the testicular sperm-
ICSI group vs the ejaculated sperm-ICSI group,
respectively, the live-birth rates were 46.7% and
26.4% (P = 0.007), with a RR of 1.76 (95% CI
1.15, 2.70) favouring the use of testicular sperm [10].
In another study, 24 men with severe oligozoospermia
who failed one or more ART cycles using ejaculated
sperm with a TUNEL-positive proportion of >7%
and subsequently underwent ICSI with testicular
sperm were evaluated. A significantly lower TUNEL-
positive rate in testicular sperm and a 50% pregnancy
rate were reported with the use of testicular sperm in
subsequent ICSI [72]. The use of testicular sperm-ICSI
in couples with previous ART failures are further sup-
ported by emerging data [73,74].

Clinical application of SDF tests

Whilst the importance of SDF has been increasingly
supported by the literature, there seems to be insufficient
evidence to endorse the routine application of SDF test-
ing in the evaluation of infertile men [4,5]. Although the
growing body of evidence suggests its utility in directing
the management of infertile couples [10,67], specific indi-
cations for the test still await further research. The issue
has been recently addressed by an expert panel of
andrologists. The rapid advancements in SDF testing
were structurally presented and specific indications for
the most appropriate use of the assay were proposed
based on the current best evidence [75]. Potential clinical
indications for SDF testing are summarised in Table 3
and its rationale are presented in Table 4 [10,25-28,30,
32,33,35,38,39,41,56,58,70,72-74,76-84].

Table 3 Clinical indications for SDF testing.

Clinical varicocele

SDF testing is recommended in patients with Grade 2/3
varicocele with normal conventional semen parameters

SDF testing is recommended in patients with Grade 1 varicocele
with borderline/abnormal conventional semen parameter results

Unexplained infertility/IUI failure/ RPL

SDF testing should be offered to infertile couples with RPL or
prior to initiating TUI

Early IVF or ICSI may be an alternative to infertile couple with
RPL or failed TUI

IVF and|or ICSI failure

SDF testing is indicated in patients with recurrent failure of
assisted reproduction

The use of testicular sperm rather than ejaculated sperm may be
beneficial in men with oligozoospermia, high SDF and recurrent
IVF failure

Borderline abnormal (or normal) semen parameters with risk
factor

SDF testing should be offered to patients who have a modifiable
lifestyle risk factor of male infertility

RPL, recurrent pregnancy loss.

Clinical varicocele

As a substantial number of men with varicocele are able
to conceive without difficulty, patient selection for varic-
ocele repair is essential. The potential use of SDF testing
in varicocele is based on the clear association between
varicocele and SDF in both infertile and fertile men
[56]. Whilst the effect of varicocelectomy in alleviating
SDF and possibly improving natural conception is sup-
ported by a few studies [56,58,77], the relationship
between SDF and varicoceles of different grades is less
clear [77-79]. The additional information offered by
SDF tests is particularly valuable when the decision to
perform varicocelectomy is difficult. Therefore, SDF
assays should be recommended in men with Grade 2
and 3 varicocele with normal conventional semen
parameters, and in patients with Grade 1 varicocele with
borderline/abnormal semen parameters (Table 3).

Unexplained infertility/recurrent pregnancy loss/IUI
failure

The limitation of semen analysis is illustrated by a sig-
nificant proportion of infertile couple being classified
as ‘unexplained infertility’ with normal semen parame-
ters of the male partner. The role of SDF as an addi-
tional diagnostic tool and independent predictor of
male infertility status has been explored [27]. It is sup-
ported by an observation of impaired sperm DNA integ-
rity in a proportion of men with normal semen
parameters and unexplained infertility [80,81]. Further-
more, the SDF result is highly predictive of natural
pregnancy and TUI success [25,26]. A few studies have
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Table 4

Indications, rationale and evidence for SDF testing.

Indications and rationale

References

Varicocele

Significant association between
SDF and varicocele has been
detected

Varicocelectomy improves
percentage of SDF resulting in
improved pregnancy rates
Little is known about the effect
of low-grade varicocele on SDF.
High SDF has been reported in
clinical varicocele, particularly

Grade 2 and 3; improvement of

SDF in all grades of varicocele
have been reported after
varicocelectomy

Unexplained infertility

High SDF is found in men with
normal semen analysis

SDF is an independent predictor
of male fertility status

SDF levels can predict the
likelihood of natural pregnancy

Recurrent 1UI failure
High SDF is associated with
lower IUI pregnancy rates

Recurrent pregnancy loss
High SDF is associated with
greater incidence of abortion

IVF and ICSI failures

SDF modestly affect IVF
pregnancy rates

SDF does not affect ICSI
pregnancy rates

High SDF is associated with
greater incidence of abortion in
both IVF and ICSI
Testicular sperm have lower
SDF than ejaculated sperm
High IVF/ICSI success rates
with testicular sperm

Lifestyle risk factor

Smoking and environmental/
occupational exposures have
detrimental effects on SDF

Zini and Dohle [56]; Esteves
et al. [76]

Zini and Dohle [56]; Smit et al.
[58]; Ni et al. [77]

Ni et al. [77]; Sadek et al. [78];
Krishna Reddy et al. [79]

Saleh et al. [80]; Oleszczuk et al.

[81]

Bungum et al. [27]; Oleszczuk
et al. [81]

Buck Louis et al. [25]; Zini [26]

Bungum et al. [27]; Duran et al.

(28]

Khadem et al. [39]; Ford et al.
[82]

Zini and Sigman [30]; Osman
et al. [35]; Jin et al. [41]

Zini and Sigman [30]; Zhao

et al. [32]

Zini [26]; Zini and Sigman [30];

Simon et al. [33]; Robinson et al.

[38]

Esteves et al. [10]; Greco et al.
[70]; Moskovtsev et al. [71]
Esteves et al. [10]; Greco et al.
[70]; Mehta et al. [72]; Pabuccu
et al. [73]; Arafa et al. [74]

Yang et al. [83]; Wijesekara
et al. [84]

also reported a significantly higher SDF in couples with
recurrent pregnancy loss compared to controls [39,82].
As a result, it is reasonable to offer SDF testing in cou-
ples with unexplained infertility or recurrent pregnancy
loss for investigation of underlying aetiology. SDF tests
also represent an option before initiating IUI in view of
the negative implication of high SDF on IUI pregnancy
rate. IVF or ICSI may be considered as the next treat-
ment step for couples with high SDF in association with
recurrent pregnancy loss or IUI failure (Table 3).

IV'F and|or ICSI failure

In contrast to the modest effect of SDF on IVF out-
come [30,35], high SDF seems to have little influence
on ICSI outcomes [30,32]. Nevertheless, compelling evi-
dence suggests a correlation between high SDF and
pregnancy loss after both IVF and ICSI [26,30,33,38].
Amongst the treatment strategies, the use of testicular
sperm represents a more promising method. In addition
to the significantly lower SDF in testicular sperm
[10,70,71], higher success rates in ICSI using testicular
sperm has been reported in recent studies [10,70,72—
74]. Therefore, SDF testing can provide useful prognos-
tic information on subsequent ART cycles in patients
with recurrent ART failures. The use of testicular sperm
in ICSI may be beneficial in this group of patients
(Table 3).

Borderline abnormal semen parameters with risk factors

Exposure to various chemicals, including smoking and
environmental pollutants, exerts significant impact on
SDF by inducing oxidative stress [83,84]. SDF tests
should be offered to infertile men with evidence of expo-
sure to pollutants or found to have modifiable lifestyle
risk factors (Table 3). The test result can reinforce the
importance of lifestyle change, predict fertility, and
monitor the response to risk factor modifications.

Conclusion

Assessment of sperm DNA damage has evolved as a
valuable adjunct in the evaluation of infertile men.
The importance of sperm chromatin integrity in human
reproduction and its causative relationship with oxida-
tive stress has been increasingly unveiled. The rapid
development of different SDF assays has hastened
advances in the field. Numerous studies have shown
the relationships between SDF and reproductive out-
comes in natural conception and assisted reproduction.
Recent supportive evidence of effective treatment strate-
gies in managing high SDF further consolidates the role
SDF testing in the management of male factor infertil-
ity. Although there is insufficient evidence for routine
SDF testing for the evaluation of infertile men, several
specific clinical indications have been proposed based
on the current best evidence. This represents an impor-
tant step forward in promoting the wider clinical appli-
cation of SDF testing and facilitating future clinical
research in male infertility.

Conflict of interest

No conflicts of interest to declare.



32

Cho, Agarwal

Funding

No funding to declare.

References

[1] Fleming S, Green S, Hall J. Analysis and alleviation of male

infertility. Micros Ann 1995;35:37-9.

[2] Guzick DS, Overstreet JW, Factor-Litvak P, Brazil CK, Naka-

jima ST, Coutifaris C, et al. Sperm morphology, motility and

concentration in fertile and infertile men. N Engl J Med
2001;345:1388-93.

Neri QV, Tanaka N, Wang A, Katagiri Y, Takeuchi T,

Rosenwaks Z, et al. Intracytoplasmic sperm injection. Accom-

plishments and qualms. Minerva Ginecol 2004;56:189-96.

Jarrow J, Sigman M, Kolettis PN, Lipshultz LR, McClure RD,

Nangiaet AK et al. Optimal Evaluation of the Infertile Male.

AUA Best Practice Statement reviewed and validity confirmed

2011. Available at: https://www.auanet.org/education/guideli-

nes/male-infertility-d.cfm. Accessed November 2017.

Jungwirth A, Diemer T, Kopa Z, Krausz C, Tournaye H. Male

Infertility. EAU Guidelines. Available at: https://uroweb.org/

guideline/male-infertility/. Accessed November 2017.

[6] Simon L, Murphy K, Shamsi MB, Liu L, Emery B, Aston KI,

et al. Paternal influence of sperm DNA integrity on early

embryonic development. Hum Reprod 2014;29:2402—12.

Simon L, Aston KI, Emery BR, Hotaling J, Carrell DT. Sperm

DNA damage output parameters measured by the alkaline comet

assay and their importance. Andrologia 2017;49:¢12608. https://

doi.org/10.1111/and.12608.

Sakkas D, Mariethoz E, Manicardi G, Bizzaro D, Bianchi PG,

Bianchi U. Origin of DNA damage in ejaculated human

spermatozoa. Rev Reprod 1999;4:31-7.

Sakkas D, Manicardi G, Bianchi PG, Bizzaro D, Bianchi U.

Relationship between the presence of endogenous nicks and

sperm chromatin packaging in maturing and fertilizing mouse

spermatozoa. Biol Reprod 1995;52:1149-55.

[10] Esteves SC, Sanchez-Martin F, Sanchez-Martin P, Schneider DT,
Gosalvez J. Comparison of reproductive outcome in oligo-
zoospermic men with high sperm DNA fragmentation undergoing
intracytoplasmic sperm injection with ejaculated and testicular
sperm. Fertil Steril 2015;104:1398-405.

[11] Henkel R, Kierspel E, Stalf T, Mehnert C, Menkveld R,
Tinneberg HR, et al. Effect of reactive oxygen species produced
by spermatozoa and leukocytes on sperm functions in non-
leukocytospermic patients. Fertil Steril 2005;83:635-42.

[12] Aitken RJ, Clarkson JS, Fishel S. Generation of reactive oxygen
species, lipid peroxidation and human sperm function. Biol
Reprod Fertil 1987,81:459-69.

[13] Sharma RK, Agarwal A. Role of reactive oxygen species in male
infertility. Urology 1996;48:835-50.

[14] Majzoub A, Esteves SC, Gosalvez J, Agarwal A. Specialized
sperm function tests in varicocele and the future of andrology
laboratory. Asian J Androl 2016;18:205-12.

[15] Agarwal A, Cho CL, Majzoub A, Esteves SC. The Society for
Translational Medicine: clinical practice guidelines for sperm
DNA fragmentation testing in male infertility. Trans! Androl Urol
2017;6(Suppl. 4):S720-33. https://doi.org/
10.21037/tau.2017.08.06.

[16] Henkel R, Hoogendijk CF, Bouic PJ, Kruger TF. TUNEL assay
and SCSA determine different aspects of sperm DNA damage.
Andrologia 2010;42:305-13.

[17] Aitken RJ, De Iuliis GN. On the possible origins of DNA damage
in human spermatozoa. Mol Hum Reprod 2010;16:3—13.

[18] Agarwal A, Cho CL, Esteves SC, Majzoub A. Implication of
sperm processing during assisted reproduction on sperm DNA

3

—_

[4

fin.ar)

[5

i)

[7

—

8

—_

9

—

integrity. Transl Androl Urol 2017;6(Suppl. 4):S583-5. https://doi.
org/10.21037/tau. 2017.04.20.

[19] Agarwal A, Cho CL, Esteves SC. Should we evaluate and treat
sperm  DNA fragmentation? Curr Opin Obstet Gynecol
2016;28:164-71.

[20] Cho CL, Agarwal A, Majzoub A, Esteves SC. A single cut-off
value of SDF testing does not fit all. Transl Androl Urol 20176
(Suppl. 4):S501-3. https://doi.org/10.21037/tau.2017.08.12.

[21] Sakkas D, Umer F, Bizzaro D, Manicardi G, Bianchi PG,
Shoukir Y, et al. Sperm DNA damage and altered chromatin
structure: effect on fertilization and embryo development. Hum
Reprod 1998;13(Suppl. 4):11-9.

[22] Evgeni E, Lymberopoulos G, Gazouli M, Asimakopoulos B.
Conventional semen parameters and DNA fragmentation in
relation to fertility status in a Greek population. Eur J Obstet
Gynecol Reprod Biol 2015;188:17-23.

[23] Saleh RA, Agarwal A, Nelson DR, Nada EA, El-Tonsy MH,
Alvarez JG, et al. Increased sperm nuclear DNA damage in
normozoospermic infertile men: a prospective study. Fertil Steril
2002;78:313-8.

[24] Spano M, Bonde JP, Hjollund HI, Kolstad HA, Cordelli E, Leter
G. Sperm chromatin damage impairs human fertility. The Danish
First Pregnancy Planner Study Team. Fertil Steril 2000;73:43-50.

[25] Buck Louis GM, Sundaram R, Schisterman EF, Sweeney A,
Lynch CD, Kim S, et al. Semen quality and time to pregnancy:
the Longitudinal Investigation of Fertility and the Environment
Study. Fertil Steril 2014;101:453-62.

[26] Zini A. Are sperm chromatin and DNA defects relevant in the
clinic? Syst Biol Reprod Med 2011;57:78-85.

[27] Bungum M, Humaidan P, Axmon A, Spano M, Bungum L,
Erenpreiss J, et al. Sperm DNA integrity assessment in prediction
of assisted reproduction technology outcome. Hum Reprod
2007;22:174-9.

[28] Duran EH, Morshedi M, Taylor S, Oehninger S. Sperm DNA
quality predicts intrauterine insemination outcome: a prospective
cohort study. Hum Reprod 2002;17:3122-8.

[29] Rilcheva VS, Ayvazova NP, Ilieva LO, Ivanova SP, Konova EI.
Sperm DNA integrity test and assisted reproductive technology
(Art) outcome. J Biomed Clin Res 2016;9:21-9.

[30] Zini A, Sigman M. Are tests of sperm DNA damage clinically
useful? Pros and cons. J Androl 2009;30:219-29.

[31] Collins JA, Barnhart KT, Schlegel PN. Do sperm DNA integrity
tests predict pregnancy with in vitro fertilization? Fertil Steril
2008;89:823-31.

[32] Zhao J, Zhang Q, Wang Y, Li Y. Whether sperm deoxyribonu-
cleic acid fragmentation has an effect on pregnancy and miscar-
riage after in vitro fertilization/intracytoplasmic sperm injection: a
systematic  review and  meta-analysis.  Fertii  Steril
2014;102:998-1005.

[33] Simon L, Zini A, Dyachenko A, Ciampi A, Carrell DT. A
systematic review and meta-analysis to determine the effect of
sperm DNA damage on in vitro fertilization and intracytoplasmic
sperm injection outcome. Asian J Androl 2017;19:80-90.

[34] Cissen M, Mv Wely, Scholten I, Mansell S, Bruin JP, Mol BW,
et al. Measuring sperm DNA fragmentation and clinical out-
comes of medically assisted reproduction: a systematic review and
meta-analysis. PLoS One 2016;11:¢0165125. https://doi.org/
10.1371/journal.pone.0165125.

[35] Osman A, Alsomait H, Seshadri S, EI-Toukhy T, Khalaf Y. The
effect of sperm DNA fragmentation on live birth rate after IVF or
ICSI: a systematic review and meta-analysis. Reprod Biomed
Online 2015;30:120-7.

[36] Dumoulin JC, Land JA, Van Montfoort AP, Nelissen EC, Coonen
JG, Derhaag JG, et al. Effect of in vitro culture of human embryos
on birthweight of newborns. Hum Reprod 2010;25:605-12.

[37] Lewis SE. The place of sperm DNA fragmentation testing in
current day fertility management. Middle East Fertil Soc J
2013;18:78-82.



http://refhub.elsevier.com/S2090-598X(17)30136-5/h0005
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0005
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0010
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0010
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0010
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0010
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0015
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0015
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0015
https://www.auanet.org/education/guidelines/male-infertility-d.cfm
https://www.auanet.org/education/guidelines/male-infertility-d.cfm
https://uroweb.org/guideline/male-infertility/
https://uroweb.org/guideline/male-infertility/
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0030
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0030
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0030
https://doi.org/10.1111/and.12608
https://doi.org/10.1111/and.12608
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0040
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0040
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0040
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0045
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0045
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0045
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0045
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0050
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0050
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0050
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0050
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0050
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0055
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0055
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0055
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0055
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0060
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0060
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0060
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0065
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0065
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0070
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0070
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0070
https://doi.org/10.21037/tau.2017.08.06
https://doi.org/10.21037/tau.2017.08.06
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0080
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0080
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0080
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0085
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0085
https://doi.org/10.21037/tau.2017.04.20
https://doi.org/10.21037/tau.2017.04.20
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0095
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0095
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0095
https://doi.org/10.21037/tau.2017.08.12
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0105
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0105
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0105
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0105
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0110
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0110
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0110
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0110
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0115
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0115
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0115
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0115
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0120
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0120
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0120
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0125
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0125
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0125
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0125
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0130
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0130
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0135
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0135
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0135
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0135
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0140
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0140
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0140
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0145
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0145
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0145
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0150
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0150
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0155
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0155
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0155
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0160
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0160
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0160
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0160
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0160
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0165
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0165
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0165
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0165
https://doi.org/10.1371/journal.pone.0165125
https://doi.org/10.1371/journal.pone.0165125
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0175
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0175
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0175
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0175
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0180
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0180
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0180
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0185
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0185
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0185

Role of sperm DNA fragmentation in male factor infertility: A systematic review 33

[38] Robinson L, Gallos ID, Conner SJ, Rajkhowa M, Miller D,
Lewis S, et al. The effect of sperm DNA fragmentation on
miscarriage rates: a systematic review and meta-analysis. Hum
Reprod 2012;27:2908-17.

[39] Khadem N, Poorhoseyni A, Jalali M, Akbary A, Heydari ST.
Sperm DNA fragmentation in couples with unexplained recurrent
spontaneous abortions. Andrologia 2014;46:126-30.

[40] Avendanio C, Franchi A, Taylor S, Morshedi M, Bocca S,
Ochninger S. Fragmentation of DNA in morphologically normal
human spermatozoa. Fertil Steril 2009;91:1077-84.

[41] Jin J, Pan C, Fei Q, Ni W, Yang X, Zhang L, et al. Effect of
sperm DNA fragmentation on the clinical outcomes for in vitro
fertilization and intracytoplasmic sperm injection in women with
different ovarian reserves. Fertil Steril 2015;103:910-6.

[42] Practice Committee of the American Society for Reproductive
Medicine. Diagnostic evaluation of the infertile male: a committee
opinion. Fertil Steril 2015;103:¢108-25.

[43] Enciso M, Alfarawati S, Wells D. Increased numbers of DNA-
damaged spermatozoa in samples presenting an elevated rate of
numerical ~ chromosome abnormalities. Hum Reprod
2013;28:1707-15.

[44] Ramasamy R, Scovell JM, Kovac JR, Cook PJ, Lamb DJ,
Lipshultz LI. Fluorescence in situ hybridization detects increased
sperm anueuploidy in men with recurrent pregnancy loss. Fertil
Steril 2015;103:906-9.

[45] Fernandez-Gonzalez R, Moreira PN, Perez-Crespo M, Sanchez-
Martin M, Ramirez MA, Pericuesta E, et al. Long-term effects of
mouse intracytoplasmic sperm injection with DNA-fragmented
sperm on health and behaviour of adult offspring. Biol Reprod
2008;78:761-72.

[46] Ji BT, Shu XO, Linet MS, Zheng W, Wacholder S, Gao YT, et al.
Paternal cigarette smoking and the risk of childhood cancer
among offspring of nonsmoking mothers. J Nat/ Cancer Inst
1997;89:238-44.

[47] Schmid TE, Eskenazi B, Baumgartner A, Marchetti F, Young S,
Weldon R, et al. The effects of male age on sperm DNA damage
in healthy nonsmokers. Hum Reprod 2007;22:180-7.

[48] Gosalvez J, Gonzalez-Martinez M, Lopez-Fernandez C, Fernan-
dez JL, Sanchez-Martin P. Shorter abstinence decreases sperm
deoxyribonucleic acid fragmentation in ejaculate. Fertil Steril
2011;96:1083-6.

[49] Agarwal A, Gupta S, Du Plessis S, Sharma R, Esteves SC,
Cirenza C, et al. Abstinence time and its impact on basic and
advanced semen parameters. Urology 2016;94:102—-10.

[50] Greco E, Romano S, Iacobelli M, Ferrero S, Baroni E, Minasi
MG, et al. ICSI in cases of sperm DNA damage: beneficial effect
of oral antioxidant treatment. Hum Reprod 2005;20:2590—4.

[51] Tunc O, Thompson J, Tremellen K. Improvement in sperm DNA
quality using an oral antioxidant therapy. Reprod Biomed Online
2009;18:761-8.

[52] Ménézo YJ, Hazout A, Panteix G, Robert F, Rollet J, Cohen-
Bacrie P, et al. Antioxidants to reduce sperm DNA fragmenta-
tion: an unexpected adverse effect. Reprod Biomed Online
2007;14:418-21.

[53] Martinez-Soto JC, Domingo JC, Cordobilla B, Nicolas M,
Fernandez L, Albero P, et al. Dietary supplementation with
docosahexaenoic acid (DHA) improves seminal antioxidant
status and decrease sperm DNA fragmentation. Syst Biol Reprod
Med 2016;62:387-9.

[54] Abad C, Amengual MJ, Gosalvez J, Coward K, Hannaoui N,
Benet J, et al. Effects of oral antioxidant treatment upon the
dynamics of human sperm DNA fragmentation and subpopula-
tions of sperm with highly degraded DNA. Andrologia
2013;45:211-6.

[55] Showell MG, Mackenzie-Proctor R, Brown J, Yazdani A,
Stankiewicz MT, Hart RJ. Antioxidants for male subfertility.
Cochrane Database Syst Rev 2014;12, CD007411.

[56] Zini A, Dohle G. Are varicoceles associated with increased
deoxyribonucleic acid fragmentation? Fertil Steril 2011;96:1283-7.

[57] Wang YJ, Zhang RQ, Lin YJ, Zhang RG, Zhang WL. Relation-
ship between varicocele and sperm DNA damage and the effect of
varicocele repair: a meta-analysis. Reprod Biomed Online
2012;25:307-14.

[58] Smit M, Romijn JC, Wildhagen MF, Veldhoven JL, Weber RF,
Dohle GR. Decreased sperm DNA fragmentation after surgical
varicocelectomy is associated with increased pregnancy rate. J
Urol 2010;183:270-4.

[59] Zini A, Azhar R, Baazeem A, Gabriel MS. Effect of microsurgical
varicocelectomy on human sperm chromatin and DNA integrity:
a prospective trial. Int J Androl 2011;34:14-9.

[60] Lee TH, Liu CH, Shih YT, Tsao HM, Huang CC, Chen HH,
et al. Magnetic-activated cell sorting for sperm preparation
reduces spermatozoa with apoptotic markers and improves the
acrosome reaction in couples with unexplained infertility. Hum
Reprod 2010;25:839-46.

[61] Nadalini M, Tarozzi N, Di Santo M, Borini A. Annexin V
magnetic-activated cell sorting versus swim-up for the selection of
human sperm in ART: is the new approach better than the
traditional one? J Assist Reprod Genet 2014;31:1045-51.

[62] Hammoud I, Boitrelle F, Ferfouri F, Vialard F, Bergere M,
Wainer B, et al. Selection of normal spermatozoa with a vacuole-
free head (x6300) improves selection of spermatozoa with intact
DNA in patients with high sperm DNA fragmentation rates.
Andrologia 2013;45:163-70.

[63] Maettner R, Sterzik K, Isachenko V, Strehler E, Rahimi G,
Alabart JL, et al. Quality of human spermatozoa: relationship
between high magnification sperm morphology and DNA
integrity. Andrologia 2014;46:547-55.

[64] Parmegiani L, Cognigni GE, Bernardi S, Troilo E, Ciampaglia W,
Filicori M. ‘Physiologic ICSI’, Hyaluronic acid (HA) favors
selection of spermatozoa without DNA fragmentation and with
normal nucleus, resulting in improvement of embryo quality.
Fertil Steril 2010;93:598-604.

[65] Rashiki Ghaleno L, Rezazadeh Valojerdi M, Chehrazi M,
Sahraneshin Samani F, Salman Yazdi R. Hyaluronic acid binding
assay is highly sensitive to select human spermatozoa with good
progressive motility, morphology, and nuclear maturity. Gynecol
Obstet Invest 2016;81:244-50.

[66] Rappa KL, Rodriguez HF, Hakkarainen GC, Anchan RM,
Mutter GL, Asghar W. Sperm processing for advanced repro-
ductive technologies: where are we today? Biotechnol Adv
2016;34:578-87.

[67] Bradley CK, McArthur SJ, Gee AJ, Weiss KA, Schmidt U,
Toogood L. Intervention improves assisted conception intracyto-
plasmic sperm injection outcomes for patients with high levels of
sperm DNA fragmentation: a retrospective analysis. Andrology
2016;4:903-10.

[68] Xue X, Wang WS, Shi JZ, Zhang SL, Zhao WQ, Shi WH, et al.
Efficacy of swim-up versus density gradient centrifugation in
improving sperm deformity rate and DNA fragmentation index in
semen samples from teratozoospermic patients. J Assist Reprod
Genet 2014;31:1161-6.

[69] Zini A, Nam RK, Mak V, Phang D, Jarvi K. Influence of initial
semen quality on the integrity of human sperm DNA following
semen processing. Fertil Steril 2000;74:824-7.

[70] Greco E, Scarselli F, Tacobelli M, Rienzi L, Ubaldi F, Ferrero S,
et al. Efficient treatment of infertility due to sperm DNA damage
by ICSI  with testicular spermatozoa. Hum  Reprod
2005;20:226-30.

[71] Moskovtsev SI, Jarvi K, Mullen JB, Cadesky KI, Hannam T, Lo
KC. Testicular spermatozoa have statistically significantly lower
DNA damage compared with ejaculated spermatozoa in patients
with unsuccessful oral antioxidant treatment. Fertil Steril
2010;93:1142-6.


http://refhub.elsevier.com/S2090-598X(17)30136-5/h0190
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0190
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0190
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0190
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0195
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0195
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0195
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0200
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0200
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0200
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0205
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0205
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0205
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0205
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0210
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0210
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0210
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0215
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0215
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0215
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0215
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0220
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0220
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0220
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0220
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0225
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0225
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0225
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0225
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0225
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0230
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0230
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0230
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0230
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0235
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0235
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0235
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0240
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0240
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0240
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0240
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0245
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0245
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0245
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0250
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0250
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0250
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0255
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0255
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0255
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0260
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0260
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0260
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0260
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0265
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0265
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0265
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0265
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0265
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0270
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0270
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0270
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0270
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0270
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0275
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0275
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0275
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0280
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0280
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0285
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0285
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0285
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0285
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0290
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0290
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0290
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0290
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0295
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0295
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0295
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0300
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0300
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0300
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0300
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0300
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0305
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0305
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0305
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0305
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0310
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0310
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0310
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0310
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0310
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0315
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0315
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0315
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0315
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0320
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0320
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0320
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0320
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0320
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0325
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0325
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0325
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0325
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0325
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0330
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0330
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0330
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0330
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0335
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0335
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0335
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0335
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0335
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0340
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0340
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0340
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0340
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0340
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0345
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0345
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0345
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0350
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0350
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0350
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0350
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0355
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0355
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0355
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0355
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0355

34

Cho, Agarwal

[72] Mehta A, Bolyakov A, Schlegel PN, Paduch DA. Higher
pregnancy rates using testicular sperm in men with severe
oligospermia. Fertil Steril 2015;104:1383-7.

[73] Pabuccu EG, Caglar GS, Tangal S, Haliloglu AH, Pabuccu R.
Testicular versus ejaculated spermatozoa in ICSI cycles of
normozoospermic men with high sperm DNA fragmentation
and previous ART failures. Andrologia 2017;49:¢12609. https://
doi.org/10.1111/and.12609.

[74] Arafa M, Elbardisi H, AIMalki A, Burjaq H, Majzoub A, AlSaid
S, et al. ICSI outcome in patients with high DNA fragmentation:
testicular vs ejaculated sperm. Andrologia 2017. https://doi.org/
10.1111/and.12835 [Epub ahead of print].

[75] Agarwal A, Majzoub A, Esteves SC, Ko E, Ramasamy R, Zini A.
Clinical utility of sperm DNA fragmentation testing: practice
recommendations based on clinical scenarios. Trans! Androl Urol
2016;5:935-50.

[76] Esteves SC, Gosalvez J, Lopez-Fernandez C, Nunez-Calonge R,
Caballero P, Agarwal A, et al. Diagnostic accuracy of sperm
DNA degradation index (DDSi) as a potential noninvasive
biomarker to identify men with varicocele-associated infertility.
Int Urol Nephrol 2015;47:1471-17.

[771 Ni K, Steger K, Yang H, Wang H, Hu K, Chen B. Sperm
protamine mRNA ratio and DNA fragmentation index represent
reliable clinical biomarkers for men with varicocele after micro-
surgical varicocele ligation. J Urol 2014;192:170-6.

[78] Sadek A, Almohamdy AS, Zaki A, Aref M, Ibrahim SM, Mostafa
T. Sperm chromatin condensation in infertile men with varicocele
before and after surgical repair. Fertil Steril 2011;95:1705-8.

[79] Krishna Reddy SV, Shaik AB, Sailaja S, Venkataramanaiah M.
Outcome of varicocelectomy with different degrees of clinical
varicocele in infertile male. Adv Androl 2015. https://doi.org/
10.1155/2015/432950.

[80] Saleh RA, Agarwal A, Nada EA, El-Tonsy MH, Sharma RK,
Meyer A, et al. Negative effects of increased sperm DNA damage
in relation to seminal oxidative stress in men with idiopathic and
male factor infertility. Fertil Steril 2003;79(Suppl. 3):1597-605.

[81] Oleszczuk K, Augustinesson L, Bayat N, Giwercman A, Bungum
M. Prevalence of high DNA fragmentation index in male partners
of unexplained infertile couples. Andrology 2013;1:357-60.

[82] Ford HB, Schust DJ. Recurrent pregnancy loss: etiology, diag-
nosis, and therapy. Rev Obstet Gynecol 2009;2:76-83.

[83] Yang F, Li L, Chen JP, Liu XQ, Zhong CL, Yang Y, et al.
Couple’s infertility in relation to male smoking in a Chinese rural
area. Asian J Androl 2017;19:311-5.

[84] Wijesekara GU, Fernando DM, Wijerathna S, Bandara N.
Environmental and occupational exposures as a cause of male
infertility. Ceylon Med J 2015;60:52—6.


http://refhub.elsevier.com/S2090-598X(17)30136-5/h0360
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0360
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0360
https://doi.org/10.1111/and.12609
https://doi.org/10.1111/and.12609
https://doi.org/10.1111/and.12835
https://doi.org/10.1111/and.12835
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0375
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0375
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0375
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0375
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0380
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0380
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0380
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0380
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0380
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0385
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0385
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0385
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0385
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0390
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0390
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0390
https://doi.org/10.1155/2015/432950
https://doi.org/10.1155/2015/432950
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0400
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0400
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0400
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0400
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0405
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0405
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0405
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0410
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0410
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0415
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0415
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0415
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0420
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0420
http://refhub.elsevier.com/S2090-598X(17)30136-5/h0420

	Role of sperm DNA fragmentation in male factor infertility: A systematic review
	Introduction
	Materials and methods
	Results
	Discussion
	SDF
	Implications of SDF on reproductive outcomes
	Natural pregnancy

	Intrauterine insemination (IUI)
	In vitro fertilisation (IVF)/intracytoplasmic sperm injection (ICSI)
	Risk of pregnancy loss
	Implications of SDF on birth defects and the possible sequelae on genetics
	Treatment options for high SDF
	Short abstinence
	Oral antioxidant therapy
	Varicocelectomy
	Sperm selection
	Testicular sperm
	Clinical application of SDF tests
	Clinical varicocele
	Unexplained infertility/recurrent pregnancy loss/IUI failure
	IVF and/or ICSI failure
	Borderline abnormal semen parameters with risk factors

	Conclusion
	Conflict of interest
	Funding
	References


